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"REGULATION  OF  SMOOTH  MUSCLE  RESPONSIVENESS" 


SUMMARY: 


Since  inception  of  the  study  on  November  1,  1965,  the  following  objectives 
have  been  fulfilled: 

Intracellular  recording  of  electrical  activity  from  vascular  smooth  muscle 
(superior  mesenteric  vein  of  the  Guinea  pig)  has  been  made  a  routine  experiment, 
maintaining  impalement  during  spontaneous  and  drug  Induced  activity.  Normal  spon¬ 
taneous  activity  and  the  effects  of  catecholamines,  acetylcholine  and  ions  have 
been  studied  in  terms  of  electrical  and  mechanical  activity. 

Voltage  clamp  and  constant  current  injection  techniques  have  been  used  to 
investigate  the  membrane  properties  of  vascular  and  other  smooth  muscle.  Effects 
of  2-4-d?nltrophenol  and  CN"  have  been  studied  in  terms  of  electrical  activity. 
Attempts  have  also  been  made  to  record  electrical  activity  from  the  precapillary 
sphincters  of  rat  mesentry.  The  above  studies  indicate  that  although  the  electrical 
properties  of  the  smooth  muscle  membrane  may  be  somewhat  similar  to  those  of  nerve 
and  striated  muscle,  the  ionic  mechanisms  may  differ  essentially,  e.g. ,  the  exci¬ 
tation  of  smooth  muscle  from  the  longitudinal  layer  of  the  superior  mesenteric 
vein  and  also  taenia  col i  of  the  guinea  pig  is  Ca++  dependent,  Tetrodotoxin  (TTX) 
insensitive  and  Is  blocked  by  transition  metals. 

The  Investigation  of  the  so-called  "autoregulatory  escape"  in  isolated  loops 
of  cat  ileum  essentially  confirms  earlier  studies  by  Folkow  et.  al.  and  by  using 
TTX  we  have  been  able  to  exclude  the  Involvement  of  local  reflexes  (axon  reflex) 
participating  in  the  phenomenon.  An  additional  finding  is  that  TTX  treatment  of  t. 
vascular  bed  augments  the  constrictor  effects  of  catecholamines. 
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FOREWORD 


Project  "Regulation  of  Smooth  Muscle  Responsiveness"  was  started  6  years  ago 
under  Contract  No.  OA  49-193-MD  2843  with  the  U.S.  Army  Medical  Pesearch  and 
Development  Command  at  the  ’-'ew  York  Medical  College,  continued  In  1967  at  the  Mew 
Jersey  College  of  Medicine  and  Dentistry  under  Contract  No.  DADA-1 7-68-C8058,  and 
has  for  the  past  three  years  continued  without  funding  from  the  Medical  Research 
and  Development  Command, 

The  project  was  initially  a  pilot  study  to  investigate  the  feasibility  of 
obtaining  electroklnet ic  data  from  the  smooth  muscle  of  blood  vessels  by  intra¬ 
cellular  techniques  In  order  to  find  out  how  ionic  mechanisms  contribute  to 
changes  of  responsiveness  and  to  the  reversal  of  the  blood  vessel  responses  to 
neurotransmitter  in  the  end  stage  of  shock . 

Soon  a^ter  the  project  moved  into  the  realm  of  a  definite  study,  Jjn  vivo 
investigation  of  the  regulation  of  microcirculation  and  Its  derangement  in  shock 
was  included  in  the  program. 

The  project  demonstrated  early  the  feasibility  of  using  Intracellular  poten¬ 
tial  recording  techniques  to  assess  changes  In  vascular  response  to  neurotrans¬ 
mitters.  Despite  the  fact  that  these  extremely  delicate  techniques  had  never 
before  been  used  successfully  to  study  induced  changes  In  responsiveness  of  blood 
vessels,  several  primary  objectives  were  fulfilled,  as  seen  from  our  two  pre¬ 
liminary  reports,  and  In  addition,  the  study  yielded  a  wealth  of  basic  Information 
ind ispens ib 1 e  for  the  final  evaluation  of  vascular  responses  In  shock  (see 
enclosures).  This  comprehensive  and  detailed  final  report  to  the  U.S.  Army 
Medical  Research  and  Development  Command  Includes  the  first  phase  of  a  continuing 
program  on  the  regulation  of  microcirculation  and  its  derangement  in  sheck,  and 
some  interesting  but  independent  aspects  suggested  by  the  above  project.  These 
other  studies  have  been  supported  by  the  New  Jersey  Heart  Association,  NSF  and  o 
U.S. -Japan  Internationa!  Cooperation  grant. 
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The  conti nun t ion  of  our  proje:t  hr«s  been  funded  partially  by  our  Institution 
with  appropriations  to  cover  some  equipment,  expendable  material,  technical  help 
and  In  part  coverage  of  Salary  for  Dr.  Kumamoto. 
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Prior  to  the  present  project  the  electrical  behavior  of  mammalian  vascular 
smooth  rauscie  was  virtually  unknown,  except  for  a  few  reports,  notably  by  Funakl 
8nd  Bohr  (196*0.  Su  and  Sevan  (ll£4)*  Guthbert  et  al.  (196**),  Speden  (1964)  and  a 
series  of  poor  and  Inconsistent  records  from  our  own  laboratory.  The  main  problem 
in  .-tainlng  reliable  data  was  to  produce  aicroelectrodes  of  proper  diameter 
(^0.1  }i) ,  tolerably  low  resistance  («C40  megohm}  and  minimal  tip  potential 
«10  mV). 

After  about  3  months  work,  starting  in  Mo venter  of  1965,  testing  different 
types  of  glass  capillaries,  studying  diffraction  patterns  under  light  microscope 
(tip  of  electrode  being  beyond  resolution),  and,  after  filling  electrodes  with  3H 
KCi,  testing  the  various  categories  of  electrode  samples  In  Taenlc  coll,  we  finally 
ended  up  with  useful  nicropipettes,  s*  Itable  for  recording  from  vascular  smooth 
muscle. 

Thus,  we  succeeded  in  making  intracellular  recording  of  electrical  activity 
of  vascular  smooth  muscle  a  routine  experiment,  ma interning  impalement  during 
spontaneous  and  induced  electrical  activity. 

For  full  details  of  techniques  see  references  3  and  8.  t’e  have  studied  and 
described  changes  in  electrical  and  mechanical  activity  produced  by  norepinephrine, 
epinephrine,  isoproterenol,  and  a  ..etylchollne  under  normal  conditions  and  under 
conditions  of  changed  ionic  composition  of  the  external  bathing  solution.  The 
equilibrium  potential  for  acetylcholine  was  determined.  A  great  deal  of  effort 
has  gone  into  the  study  of  the  effect  of  neurotransmitters  on  maximum  rate  of  rise 
and  maximum  rate  of  fall  of  the  action  potential. 

Ali  of  the  significant  findings  regarding  these  aspects  of  our  studies  have 
been  published,  and  abstracts  and  oapers  are  enclosed,  see  ref.  1-4  and  6-8. 

>;e  have  also  carried  out  experiments  which  aim  to  determine  the  effects  of 
metaboiic  poisons  (viz.,  CN-  and  DNP)  on  the  contractile  and  electrical  activity 
of  vascular  smooth  muscle.  Preliminary  results  were  reported  at  the  International 
Congress  of  Microc i rculat ion  in  Gotenborg,  Sweden,  in  1 968  (6)  at  the  Federation 
Meeting  in  1 969  (9)  and  full  details  were  reported  in  a  paper  in  1970  (10),  see 


enclosures . 


-1- 


Our  latest  experiments  have  resulted  In  a  very  significant  observation. 
Tetrodotoxin  (TTX) P  which  specifically  blocks  the  voltage  dependent  changes  In 
sodium  permeability  in  nerve  and  skeletal  muscle  has  no  effect  on  the  action 
potential  or  Impulse  propagation  cur  preparation*  whereas  blocking  of  calcium 
permeability  with  manganese  abolishes  the  electrical  activity  completely  and 
renders  the  preparation  inexcitable.  The  conclusion  drawn  from  analogous  exper¬ 
iments  on  visceral  muscle  and  on  cardiac  muscle  has  been  that  Ca++,  and  not  Na': , 

Is  the  current-carrying  ion  during  the  upstroke  of  the  action  potential,  essential¬ 
ly  disqualifying  the  Hodgk in-Huxley  hypothesis,  (for  which  they  received  the  Nobel 
Prize  in  1 963) .  Ve  are  currently  carrying  out  experiments  which  involve  voltage 
clamping  In  effort  to  assess  whether  Ca*+  Is  'Irectiy  involved  In  the  excitation 
and  the  propagation  of  impulses  In  vascular  smooth  muscle. 

Details  of  techniques  and  significant  findings  have  been  published  In  several 
abstracts  and  a  paper  (re*.  11 -IS). 

As  an  adjunct  study  to  the  project  "Regulation  ol  Smooth  Muscle  Responsive¬ 
ness11,  we  carried  out  in  vivo  studies  in  relation  to  the  so-called  autoregulatory 
escape  In  cats.  Unfortunately  financial  support  ceased  before  the  main  experi¬ 
ments  were  started.  However,  valuable  improvements  in  instrumentation  were 
accompl ishec. 

Thus,  we  have  constructed  and  tested  a  new  impulse  flow  meter  of  the  drop 
counting  type  (absolute  volume)  operating  an  oscillograph  (Sanborn  55CB  or 
similar).  This  flow  meter  is  a  solid  state  version  of  the  one  used  with  smoke- 
drum  kymograph  in  Foikow's  laboratory.  It  offers  great  stability  over  a  wide 
range  of  flows  and  has  minimal  drift.  Technical  reports  with  performance  speci¬ 
fications  have  been  published  as  the  flow  meter  offers  a  number  of  advantages  (see 
ref.  5  and  16).  A  s!mp)e  and  accurate  volume  transducer  has  been  constructed 
utilizing  an  Inexpensive  transformer  transducer  (Linearsyn,  Sanborn  Div.  of 
Hewlett  Packard  C9) .  This  volume  transducer  is  used  with  the  pi ethysmograph.  Ve 
have  alos  constructed  a  new  hydraulically  operated  table  with  tillable  cat-board 

and  attachment  for  the  variety  of  equipment  used  in  the  experiments.  This  table 
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serve*  as  a  sturdy  base  for  the  microscope  and  the  camera.  The  assembly  Is  shown 
with  camera-microscope  In  Fig.  1  end 

Enclosed  Is  a  report  (Rsf.  19)  by  Mr.  N.A.  MortiJIaro  delivered  at  the  Federa¬ 
tion  Meeting  this  year  on  preliminary  experiments  on  the  autoregulatory  escape  In 
ileal  loops  In  the  cat.  This  work  (see  Abstracts  17,18)  Is  part  o*  his  thesis  work 
for  the  degree  of  Doctor  of  Philosophy  and  was  Initiated  during  the  last  year  of 
the  contract  (without  funding)  and  has  continued  with  funds  granted  by  N.S.F. 
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Reference  1 


Reprinted  from  "THE  PHYSIOLOGIST"  -  Vol .  10(3) : 205 ,  1 967 

ELECTRICAL  ACTIVITY  OF  THE  SUPERIOR  MESENTERIC  VEIN  OF  THE  GUINEA  PIG. 

L.  Horn  and  A.  Nakaj ima*.  New  York  Medical  College,  New  York. 

V'e  have  previously  reported  on  intracellular  recording  of  spontaneous 
and  drug-induced  electrical  changes  of  smooth  muscle  from  the  longitudinal 
layer  of  guinea  pig  superior  mesenteric  vein  (Fed.  Proc.  26:330,  1967, 

Am.  J.  Physiol.  213: July,  1967).  Further  data  on  changes  in  membrane 
activity  in  response  to  catecholamines  and  acetylcholine  will  be  reported. 
Adrenaline  and  noradrenaline  have  an  excitatory  effect  brought  about  by 
depolarization  or  increase  in  sp’ke  activity.  Adrenaline  has  an  additional 
positive  inotropic  effect  not  associated  with  detectable  change  in  membrane 
potential  when  the  muscle  has  been  extensively  depolarized  by  increased 
external  potassium.  Isoproterenol  abolishes  spike  activity  and  hyper- 
polarizes  the  membrane.  v’e  have  previously  reported  that  acetylcholine 
may  briefly  hyperpolarize  the  membrane  before  the  depolarization  to  about 
40  mV  associated  with  the  excitatory  effects  of  the  drug.  The  depolariz¬ 
ing  effects  of  acetylcholine  reverses  when  the  membrane  has  been  depolarized 
by  KC1  to  about  30  mV  prior  to  drug  application.  It  is  suggested  that 
acetylcholine  has  an  equilibrium  potential  of  about  40  mV  in  this  muscle. 
(Supported  oy  Contract  DA-49- 1 93 -MD-2S43  with  the  U.S.  Army  R  &  D 
Command  and  a  Grant  from  the  American  Heart  Association). 
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Reprinted  from  "FEDERATION  PROCEEDINGS"  V.  26(1): 330,  1967 

ELECTRICAL  ACTIVITY  OF  VASCULAR  SMOOTH  MUSCLE.  Akira  NakaJ Ima*  and  Leif 
Horn,  New  York  Med.  Col.,  New  York,  N.Y. 

Intracellular  recording  in  vitro  frcm  the  longitudinal  muscle  layer 
In  guinea  pig's  superior  mesenteric  vein  shewed  bursts  of  action  potentials 
associated  with  spontaneous  contractions.  The  resting  potential  between 
bursts  ranged  from  41  tc  62  mV.  Action  potentials  were  accompanied  by  a 
slow  component  with  an  average  amplitude  of  25  +  1.8  mV.  The  action 
potentials  ranged  from  35  to  59  mV  and  had  a  fast  repolarlzat Ion  phase 
followed  by  marked  after-hyperpolarlzat Ion.  Overshoot  was  observed 
occasionally,  but  then  only  a  few  mV.  Adrenaline  prolonged  the  bursts 
of  spike  discharges  or  Initiated  repetitive  firing.  High  concentrations 
caused  rapid  depolarization  associated  with  Increasing  discharge  frequency 
of  ? c t i on  potentials  of  progressively  smaller  amplitudes.  Acetylcholine 
excited  the  muscle  but  depolarization  was  usually  preceeded  by  a  slight 
hyperpolar izat ‘ -  The  hyper-polarizing  action  could  not  be  discerned 
when  the  membrane  potential  was  higher  than  60  mV  at  the  time  of  drug 
application.  Asynchronous  or  partial  excitation  occurred  independently 
along  the  muscle.  Ionic  mechanisms  are  discussed.  (Supported  by  Contract 
DA-49-193-MD-2843  with  the  U.S.  Army  R  S-  D  Command  and  a  grant  from  the 
American  Heart  Association.) 
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Reprinted  from  "AMERICAN  JOURNAL  OF  PHYSIOLOGY"  Vol.  213,  No.  I,  July,  1967 


"ELECTRICAL  ACTIVITY  OF  SINGLE  VASCULAR  SMOOTH  MUSCLE  FIBERS" 


Akira  Naka j Ima  and  Leif  Horn 
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Electrical  activity  of  single 
vascular  smooth  muscle  fibers1 


AKIRA  NAKAJIM.V  AND  I.I.II  HORN 

Ihfnnlmrul  nf  /‘luMlihtny,  A I  ri  J’mi/.  ,\lfi/lt  nt  ( .tt/h  <;•  ,  St  It  )tnl.  <lh 


N.Vk.V|lVt.\,  AKIRA,  AM)  1.1  II-  1 1)  ikS.  I\ltt  lilt'll  'll  lull)  III  \IH"lt 
him li/tit  \intitilh  imlu It  Jiht'it.  Am.  J.  lMtysinl.  yepM:  - a  ;p» 
ipti-p  Kin-meal  activity  of  the  muscle  layer  in 

guinea  pin  excised  sii|K-rtor  mesenteric  vein  was  recorded  imra 
eellularly.  liursls  nf  action  ixilenlials  were  assnriated  will) 
s|xintuncuus  cinitructinns.  'Iln-  resiins"  potential  lieiween  bursts 
minted  litnn  .ji  to  tin  mv.  Action  |Miieiiiials  were  accompanied 
I iy  a  slow  eomixnicm  with  an  ;tve,rajsc  amplitude  nl'  _•*,  d-  i  1! 
mv.  Tin-  aelinn  )mteniials  minted  from  -(j  m  »jr»  mv  ami  had  a 
Iasi  repnlariyaiinn  phase  fnllnwed  hy  marked  alteiiiyper|mlari 
/alinn  <  Kershnni  nl  a  few  millivnlis  was  oliservetl  neeasinlialK 
Adrenaline  pmlnnt'rd  die  bursts  nf  spike  discharges  or  initialed 
n-|x-titive  bring.  I  tilth  enneemra linns  prndueed  rapid  mem 
lira ne  depolarization  associated  with  inrreasintt  discharge 
Irequcui  \  nl  aelinn  potentials  nf  prnttresxively  smaller  anipli 
lades  Aeeiylehnline  had  an  e\eiialnry  elleel  Inn  the  de|M)lai  i 
/alinn  was  usually  pm-eded  liy  a  slight  hyperpnlarizaiinn.  I  lie 
liypcrpoiari/mg  aelinn  nf  aeeiylehnline  was  ilinre  pinmineni 
wlii-n  die  inilial  membrane  pmemial  was  low.  llypn|Hilari/a 
linn  ennld  nni  lie  diseerned  when  ii  was  hiither  (halt  bn  mv  ai 
die  lime  nf  drill*  application  Asvnelirniinn'  nr  pariial  exeila 
linn  m-enrved  indepemlenih  alnnst  iln-  mn-s  le.  Innie  nnrli.i 
nisins  .in-  diseiivied. 

sii|ierinr  mesemerie  vein;  vaseidar  muscle,  nn-mlirane  |H>len- 
lial;  'low  |»nenital;  adrenaline;  action  pmenlial;  eonduetinn 
nf  ■•xeilaiinn;  acetylcholine:  depolarization;  enniraednn;  ovc 
slinni;  h\  per|Hilari/aiinn;  e  e  coupling 


It  is  m.ckss.vrv  to  kn<  >vv  the  basic  mechanisms  influenc¬ 
ing  eninraeiile  aclivily  of  vascular  snioolli  muscle  to  un¬ 
derstand  the  pliysiolottical  regulation  of  local  liloml  How 
in  i issue  and  the  eoni|M'iisaioi\  rettional  shifts  needed 
Idi  fi ill i I lintt  tin-  basic  economy  ref|iiireniriiis  ol  a  mitt* 
imal  IiIuikI  volt  line.  Studies  nl  tin-  Ix-ltavior  ol  vascular 
smooili  nniM  It-  |>ro|>cr  by  iin-ans  of  inccltanical  methods 
in  s  itu  ami  in  terms  of  direct  observations  llironttli  tin- 
iiiitTosi  ope  in  vivo,  have  contribiiled  such  knowledge 
mi.  .-<■•.  A'  m  the  clcctropliysiolot'ictil  Ix-havior  ol  the 

Keiei.t-tl  |m  put ilieaiinn  at  |I*-«*-uiImt  m*»t» 

1  I  bn  n » »i  !v  it. is  siippinied  iii  «  nntrnef  l).V.|*i-tiit-MI>---H|  i 
mil.  ill.  I  S  \  I  Iln’  Medh-.ll  Prime  isesi-.iuli  t  h-lelnptiieill  l*ln 
1'l.lili.ilL.ils  a  ei.tiil  It  nni  die  Vtunii.iii  lte.nl  \ss«N’i.llinn 

■'  (  nil  -I  till*  stif.ilni-  nil  I*-. lie  nl  .it ist-i H  e  Ii  nm  Kyoto  i  lllieislli 

in  _l.ip.ni 


smooth  nniscle  meiiibiane,  einreiil  views  are  Uiseil 
mainly  on  data  from  iioiivaseutar  muscle  tissues  and  die 
validity  of  transposing  sncti  data  to  \aseniar  nniscle 
has  Ix-t-tt  disputed.  It  is  assumed  that  catecholamines 
and  cclylcholiiM-  play  iin|xirtant  roles  in  the  regulatum 
of  vascular  smooth  muscle  in  a  manner  ana  lotto' is  to 
their  action  on  other  contractile  tissin-s.  Kxeilatory 
audits  decrease  the  menihraiii-  |xitcntinl  of  uuisele  in 
general  to  initiate  or  increase  spike  frecpiem-y.  and 
inhibitory  atti-nts  increase  mciiibraiie  polarization  and 
deerease  or  nlxilish  action  poientials.  I.oworing  of  the 
membrane  potential  of  vascular  nuiscli-  under  standard 
in  vitro  conditions  brim's  altont  initiation  of  in  increase 
in  spike  activity,  and  ibis  increased  fre<pn-ney  is  asso¬ 
ciated  with  an  increase  in  muscle  n-iisiou.  Then  i» 
evidence,  however,  that  excitatory  agents  will  increase 
further  the  tension  of  vascular  smooth  muscle  without 
spike  activity  and  changes  in  tin-  membrane  |HMftitinl 
when  the  latter  has  lieeii  depolarized  by  high  t-Menuil 
poiassimn  eoneent rations  tt.j).  It  is  lieiieved  that  when 
timscle  tension  does  not  change  relative  to  spike  lie 
qiteiH-y  an  eliTIroiuiTltanical  uiicuupling  lias  necurn-tl 
It  has  lieeii  necessary-. therefore  to  invoke  an  additional, 
ditt-cl  cd’ect  of  transmitter  audits  on  the  coitlractile 
aciivitv  of  muscle  inde|)eudetil  of  action  potentials 
Nevertheless,  the  finding  that  high  tlrnu  or  ion  corn-en 
(rations  may  stiinuiate  whereas  low  cot  tect  it  rations 
may  inhibit  smooth  muscles  ur  vice  versa  i>  liilheult 
to  explain,  rinally,  smooth  muscle  may  champ-  (n-versei 
its  eontractile  responses  to  sitmulatioii  sponlani-onslv 
or  lx-  induced  to  do  so  bv  vat  ions  means  Hi.  i  ;) 

l  ufortmiately  tlx-  eli-eti ieal  events  associated  with 
llie  chattues  in  r«-s|x  nisi  vet  u-ss  ol  vascular  suuxith  muscle 
arc  for  tlx-  most  part  unknown,  presumably  tine  to 
inlierdit  dillidilties  in  the  lechuiipie  of  impaliim  lin¬ 
tel. ilivrlv  small  lilx-ts.  A  I*  w  teports  indicate,  liovvevci, 
that  vascular  stuixitli  musele  may  tlillei  sonu-vv hat  in 
its '-leettii  .il  propei ties  and  Ix-ltavioi  from  those  of 'min  t 
muscle  tissue.  Thus  it  lias  lx-en  i <- 1 ••  >i  t <-< I  tli.il  the  mem 
Inane  piitenti.il  is  less  than  that  ol  oilier  smooth  muscles 
HI  lo.  I  |,  I  lit)  and  null  a  bom  ball  ol  that  ol  sk>  lel.il 
muscle.  A  i  ai  ii -tv  ot  dillei  eul  pal Im  n-  ol  action  potentials 
have  been  m  olded,  possjbli  lel.m-d  to  die  Inn'  liini.il 
ell.iluelel  islics  o|  tin-  p.uliiul.ii  iium  le  IiIk-is  I  iili.lkl 
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Spitnl.iD*  imio  Ittnsis  ..I  spike  iliM-h.ii  Ki's  .rtmiln.lrtl  re-  .-,<>  XT  after  tin-  unset  of  spik«-  activity.  Tills  lias  !>'•' 

\,,|,-  tll.lt  [lt.IMm.il  ti-ll-iitll  .  tippet  tt  .lft'l  tteselltpcci  at, .1111  tlMIfllfll. 


1 1 1  .  il  M.ti  i,t-<  i  tv.il  1 :  j-i  1  tut  K  dil'.cu  111  it  pc*  til  action 
1 1, if i •  :ti,iU  littiti  -tt  until  iniiM'lf  libers  ttt  dillcrent  parts  < >1 

Hit  ; i  ii  i n\ , ft  til.it  In  ti  iii  lltf  hoc  l  lif  "spike  duration  ' 
it  tlifi'  ,n  timi  |  it  it  i  •  i  i  i  ink  tt  fri'  (in  .mil  jhh  iiimt.  Roddic 
i  i  it  i  i  riiin  [til  --.  ,i  wide  '|  iff  It  inn  nl  .if  I  it  it  i  pole  nlials 
in  \  ,ff  itltti  iiihm  It-  litiiii  thf  turtle  l  hie  t  .  pf  resembled 
i  (  .i  1 1  li.it-  ,itt  it  it  i  potential  with  .in  abnormallt  pit'¬ 
ll.  ,f  i,  t|  pi, itf. in  l.iMiun  up  lo  |n  -ft  I'm  liifi'.  - 1 ii i ictvha  t 
,,||M  t  II  f  limliiiLM  .Ilf  ill. II  acett  It  holine  lias  .1  'Inal 
ilif,  i  up  tin-  iih-iiiIii  am-  "I  tascnlnr  muscle  eivinn  an 
inili.il  lit  pci  pnl.u  i/atimi  luilowcd  In  a  df pul. ii  i/ation, 

| ,ul| i  av-tif ialftl  ttilli  ft mir.if lit »n  linl.  Altlpit'.uli  siniil.ii 
i  i  ii  it ,  tMti'-t  ifsiilt-  liaff  liffii  nil!  ail  It'll  occ.isionallt  in 
nlliri  sintiotli  niu-flf  i  ", '• .  il  would  l)f  nl  ililfff-a  lt>  knoff 
whether  these  i  espouses  an-  f liar.if leristic  t'l  \u*cular 
Ilf  I-I  li-s  anil  il  >1'  lii'ff  lllff  ifl.llf  In  t  >1 1  iff  par a  meters. 

|tl  i  |)t  -  follow in1;  i  xpei  imfiits  tt'f  haff  studied  ihf 
n  ,  ,,  In  anr  ai  tit  in  ..I  -inf  If  flk  nl  l  lie  Mipt-i  it  if  mcsen- 
p  in  \  fin  nl  1 1  if  fiiiiif.i  pin  I  hi'  ff"fl  exhibits  spon- 
lant  t»i'  fiinliaf  r  iii-  at  lit  il '  linlli  in  film  and  ill  fito. 
Miiifiitfi,  ii  i'  -i in inlalfd  l>t  catecholamines  as  ttfll  as 
.„  fit  Iflmlint-  and  i’  tt  t  ►>  iltl  I  if  t  .1  pat  lifiilai  interest  In 
,  ,  ,i  1 1 1  . 1 1 1  -  i  In-  i-lffli  ii  al  if'poii'f'  I"  llif'f  a*.’,  fills — 


1  .oimititdina!  strips  nl'  1  lu-  vessel,  I  ninittideai.il  ,111111 
lime,  tveve  excised  ami  incubated  in  a  chamhci  ctm 
tainine  ttarin  iniHlilifd  Krebs  sulnlion  containin';  (in 
NaCl  1  Vi,  NallCO;  1  Ii-  4.  Nalld’O,  1  ;B,  K<  :l 
p-.  CaCl-  Nh;( T,  n. lti'>,  and  dexlmse,  -II.  The 

solution  was  saturated  tvitli  t?;ts  mixture  of  <  <  >:•  and 
;  ( •(  ).,  I  hc  strip  teas  iiioiinted  so  that  the  oulei 
sin  lace  of  the  vessel  wall  tvas  accessible,  Connective 
tissue  foveriiui  the  Umnitudinal  smooth  muscle  latei  nl 
the  tt, ill  t\  as  removed.  < >ne  end  of  the  strip  was  connected 
10  a  lever  transmittint;  the  rontraftiie  tension  lo  a 
iiiee haiioelectric  transducer.  MicroelectriKles,  with  n 
sistance  nl  about  ',t  1  mcifohms,  were  inserted  lit  the 
flo, nine  method  described  In  Woodhurt  and  Hradt 
(  ml  I  he  tip  potential  of  the  electrodes  varies  between 
.  .nid  in  m\  Calculated  amounts  of  adrenaline  <" 
ace t'  If holiiic  dissolved  in  standard  amounts  ol  Kiel's 
solution  were  added  direetlt  to  the  bath.  It  should  l» 
noted  that  in  reportin'.;  the  membrane  or  action  poten 
lials  here,  impalements  tit  ini;  initial  values  lot  tin 
restin'.;  potential  below  -jo  tut  bate  been  omitted,  be 
cause  such  low  values  arc  1110-1  probablt  not  nut 
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,  . .  ,,K  . . .  tt!  .1,1, Ii,.. . "it". .  .  •»«•  a  l"'Uf' »  ft  r.-p.-litivt-  liri.it;  asst, e, ate, I  will,  it.  "'"  '' 

.ptkf  tils,  I1.1i  '."  s  slittrifi.  as  tilt-  l-'iisis  p.tlai  i/.ilitin  I  I'is  ret. Htl  Inis  h •••■»  rfi.'t.*  lift' 
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l  ie  -y  Rep, -litin'  liiillLr  am!  il,*|n»lai'izjltiilli  I'll  I'llvillL'  Hi 
,nll  ctul'lii-  a|>|llii-it  j  rin  away  I'riiin  lilt*  strip.  This  prticriliirr  of 
ill  111.'  .ippltratiull.  Ilscil  In  it  \  i  ill  I  tlisltilltiiutl  1 1  it-  i-|,-rtrinlr.  pruilili'f’ 

iiiti.iii-lliil.ti  j >< )t i  t n i . i ! s  inasmui  li  .is  they  i  nn  In-  easily 
ohtained  l>\  •■presstii  i-  I'lcct  ft  x  I' .is  ill-sit  i  I  Hi  I  by 
(  lillespie  (  i  j  l. 


I  In-  sn  ips  Ilf  superior  nn-sriilri  ir  \rin  sIhhm-<I  spon- 

l. iiirniis  contractile  activity  wln-n  incubated  in  warm 

1 1  it  x  I  i  fi<-c  I  Kn-lis  solnti'm.  Bursts  ul  spiki*  discliarecs 
associated  with  contractions  were  tecorded  <Tii>.  I). 
Tin-  i i-stin”  n ii-n 1 1 >1  -;ini-  ; ml > - 1 1 1 i. 1 1  I -fc  si. )  lii-lwri-n  limsts 
i  i".-ii  iL’T  .11  (>j  niv)  was  1 1 1  v  in  J-  SIH-1 1-sslnl 

experiments.  ’Hie  spike  lictpicncy  \v;is  always  hiylier  in 
the  initial  pin  t  of  the  individual  trains.  The  pnttem  nl 
lii  iii”  nl  netinn  piileiilinls  varied  lint  the  activity  could 
In-  classified  ;is  follows:  /)  lone  trains  of  spike  disihames, 
similar  to  those  seen  in  taenia  eoli  and  in  uterine  muscle 
(  j,  i-,l,  ,-l  short  trains  consistin'.;  ol  several  spike^T  •;) 
simile  spikes  oi  iriet>ular  discharges.  (  fccasionallv  double 
spikes  appeared  dnriim  the  I  mi  st  ol  spike  discharges. 
Mans  ol  the  action  potentials  nisi-  It. nil  slow  depolai- 
i/ations  siumestin”  that  the  conduction  of  excitation  in 
(his  vessel  is  so  poor  that  the  individual  cells  have 

m.  irked  tendency  to  exhibit  pacemakin”  aclivilv 
l-'urlherniore,  the  action  potentials  were  iisiiallv  ac¬ 
companied  I iv  slow  potentials  ol  various  shapes  I  his 
"slow  component  associated  with  action  potentials 
had  an  amplitude  coii'idei al ilv  lamer  (mean  I",  ± 
i.U  1 1 iv  )  than  that  of  othei  smooth  muscle  cells  tjl 
and  most  licqiicndv,  Inn  not  always,  action  potentials 
appeared  to  he  triiiiicrcd  hy  these  slow  potentials,  1  lie 
action  potential  usually  had  a  fast  repolari/alion  phase 
follow  ed  1  iv  a  marked  alterhv  perpolai  i/ation  'siinil.u 
results  have  already  hecn  reported  hy  Speden  i  i  7  f  and 
Trail  1  ill). 

The  ampli* ode  ol  the  action  poteini.il  v .11  ird.  1  aneine 
fiom  r,  to  -,i|  1 1  ix  (mean  | _,  I  niv  1,  .mil  app  aied  m 
rclale  to  the  initial  memhi.ine  poienlial.  <  Vc.isionallv 
aclion  potentials  showed  oveishoot.  hut  onlv  ol  seveial 
milliv  oil-  (  max  ",  niv  I. 

,1/  ,11/1,  tn \dieiialiue  had  an  exiilaloiv 
e| | eel  on  the  superior  iiieseuleric  vein  m  concennatioiis 
1 , 1 1  n;i  1  iu  hum  10  ’  m  o>  w  v  \  toial  ol  ,|  exp.-ii 
1 1  ,e  1 1  i '  was  rallied  Oil!  M.inilenaiii  e  ■  >t  imp  ilemeul 
[  hi  oi  I- ■  1 101 II  and  cool  1 1 1 1  Ions  lecolds  urn-  ohlailied  In 
one  lol  II  I  ll  ol  these  Inllihiloiv  tespnli-i  -  weir  110! 
ohsei'ed  within  (his  1  onceiil  1  at  ion  1  mee  When  lie 
lowci  i  ole  i  nti  alion  ol  adienatiue  was  apple  d,  pn» 
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siilistanlial  ilrlny  hfile-  res|>< mse/ ’ (  tie  slow  ini 
'upper  tiaici  entlilllltetl  after  ttie  firfntt  ll.lil  erase, t 


lont*ed  hursts  of  spike  discharges  appeared  without 
detect. title  chatiL'e  in  tile  membrane  potential  When 
the  t  oncentr.ition  of  adrenaline  was  int  leased,  pto- 
|om;ed  repetitive  lit  ini’  of  spike  discharges  mcuiied 
(Tie..  -•),  and  the  membrane  Gradually  depolarized  In 
die  hiehesl  concentrations  of  the  dni!>,  tile  mcmhiatic 
depolarized  tapidlv  associated  with  an  inti easiiiu  dis- 
rharuc  fretpieitcv  of  spikes  of  prom essivelv  smaller 
amplitude.  The  slow  potential  initially  accompany  inn 
action  potentials  disappeatetl.  Timin'  shows  the  ,  llecl 
of  to  '-  w  v  concentration  of  adrenaline.  I  he  mem- 
hrane  potential  fell  rapidly  to  a  level  ol  about  jo  mv  as 
the  lieipteiK  V  of  spike  dischames  increased.  I  lie  ampli¬ 
tude  ol  the  spikes  decreased  and  the  membiane  activity 
deteriorated  into  oscillations.  Alter  tin-  spikes  had 
disappeared  depol.n  i/ation  was  maintained  It  is  note¬ 
worthy  that  the  muscle  continued  to  develop  tension 
ihronchout  the  process,  also  alter  the  cessation  ol  spike 
discharucs. 

/.//,,/,  ,,/  ,  ly/<  In, tin. ,  Acetylcholine  earned  conn  action 

of  the  superior  mesenteric  vein.  Analoni  iu»  to  the  excit¬ 
ation  hy  adrenaline,  the  cllect  is  produced  hy  initiation 
01  ill!  lease  in  spike  activity  of  the  muscle  meiubi ane. 

sixty -six  experiments  were  carried  0111  MaiiUet . .  ol 

impalement  till  oiiyhout  and  coiitinuoiis  records  were 
oht, lined  in  about  one-lourth  ol  these.  I.ow  1  0111  eu 
trations  ol  acetylcholine  increased  the  spike  licipicnrv 
and  the  duration  of  hursts  without  detectable  cli.mm' 
iu  the  membrane  potential.  In  contrast  to  adieu. dine, 
acetylcholine  initially  hy  pet  polar i/cd  the  membrane. 
Thi-  '-fleet  was  most  consistent  with  hit'll  coucenlialioii' 
of  ai  l-tv  Id  inline  uni  appeared  to  lx-  closely  and  invei  -civ 
related  to  lie  initial  niemhi.ine  potential  When  the 
initial  membrane  potential  was  comparatively  low 
I  a  1 11 11  It  pi  II IV  I.  .1  lareer  « let;  tee  of  livpet  pol.n  i/ation  was 
ohlailied  hv  applying  10  ‘  and  1"  1  w  v  ai  eu  li  lioliui 
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Krirf  pniui  the  mniikanr  jM»rnj(i.*l  sliiftnl  tn  (IrjHJar* 
,hM»  i.ir« «!  uitli  i»ri»i«*  t>f  >|>ik*‘<liM-|i;in»rs 

•it m i  dfcu'.i'**!  to  .»  tti»:il  h*\«*l  ol  .ilnmt  jo  mv,  a-* 
tr.ilnl  in  !  iy.  %  I  it; nr r  *>  ;m  i  s««*piion,t!  «>f 

pi ot  ninnit  ii\  jK  t jw»J.» i/.itiou  protlnoi!  l»\  ,«  ri\ Icholim*. 
Ilm*  I  hr  iiiiii.il  r«*Min*:  |»otmli«»l  u.i'i  in  th r  i.m»*r  «>!  |J 
nn  r  fi)  .,*d  .»  \rr\  iu.uk'  *!  |i%  fw*»  (ml, if i/.»ti«m  to ♦» ; 

tn\  iiu  MU'  if  Ni:n«'  dryi*-**  ot  sptkr  inlimil  i»»n  M  i  Mirnl 
| *i  i< >i  to  <!*•(*>!  iri/.mon  .mil  n  trul.ir  liiitf**  nl  spik**  clt^- 
i  I*  i*  »'r  npb,t*i/«  *  I  li»»w«*\ri,  rliuf  tin*  tvpir.il 

its|»«Hi*i  s  ,h»*  th***  iihistr  .tird  in  I  i«*%.  j  .mil  y  Mon* 
th. in  l\\  m thiols  of  «*  it  "Iimx  tli.it  .»*  rt\ Irhnlinr 

.i  •h-.rhr  h\  j i**rt »»{.u i/.u tot*  ot  f I »« ■  i .in«* 
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I*. if  w*  »♦  ii  «»*:•;  n  t  •  ♦  1  v,«i*  of  i:ii»i  i.vnh.iH'  x.ihi**  tli«\ 
a  *  i  •  lime!  fls.ui  lho»*  •  t\  \  T'<  *  i  »!  .•!*»!'•  I  *  *  "i 

i  it  om*  u  h  il  !.»•’'{«  i  ikm  in**’*'  lonntt  l*»  * »t  1  *»  j  >*  »!-»* 

'  •  /’}!»»  -  .M.ift  ;  ..«(»  i'.  •.*;  | /< i» ' 1 1 

.  :  ,'f  n  i  c  •  « r  •  .  /.»  j  ;i :  {in  ••\,|! i  .j *»•  .  f  !m-  \  .m  < il.tr 
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that  \v l»i*n  iinp.ilrmrni  is  tiutiul.ii it<  (l  «*\**r  lout*  p*  i  i* h N 
of  timr  I;iIm>u1  min)  no  c‘li.in**r  in  tin*  n-Mint*  potriiii  ti 
is  r*x*«Hi!<*:'- 

(  K«*rshoot>  urn*  o«’<M>itin;ill\  immlt  tl  I  ;,|  ii-u.illv 
of  only  s**\«T.»!  milliMilts  lnin\  ",  m\  ).  At;. tin  ii  i>  diflu nil 
lo  <lrt«*rminr  xvhrtlu'i  ilir  tnoir  iimi.iI  f.iilim*  in  n\n 
'I mot  is  .in  **^s|*nii;i|  frntiir*'  ot  (hi>  mu-ili*  I i I m * i  m 
\x  hrlliiT  it  is  ilm*  to  injiitA  c;iusr<!  Ii\  tin*  mirn x  lrt  l hh |r 

!l  li.ts  Ihi'ii  i*‘|iort«'il  lli.it  tin*  xjMint.mroi^  i  uult.M  lioio 
of >ni*Nitli  iiiumIi'  ;tir*.niM*cl  l»\  •  *  *  |  >«l  i  t  i  \  • '  lii  inu 
<»!  .a  lion  | Milrnti.iK  I.,h  Ii  '»|>ik«*  tliM  li.u *»r  is  w «*||  i « m ii < Ii 
nntfil  with  tin*  nirt  It.tnit  .tl  t*vrin  sttniinint;  up  to 
contr.Htioii.  I  Ih*»«*|om\  Irt.inii  rout  i  •  it  t  ion  is  .in  **' 
M'nti.ii  tf.iluii'ot  \  is4n.il  vniiNitli  mnsfli*  t  #  *  |  In  tin* 

•*ul  f\jM'i iiufiits  a  'imil.n  p.iiifin  ol  .u  tion  |»ol«  nli.iN 
w.i>  nlwivul  in  .ism  k  i.  it  ion  with  %|iont.ilifOils  *<Mt 
tt.M  tUMiN  o|  th'*  sii|M‘i  ior  Mif-f nlf i  i*  \<  in  ol  ihr  «;uinf«i 
| till  I  hr  <  ouft.M  linn  ol  this  mam  I  m.t\  tin  rfiiir  ,i|»pr.u 
to  Im*  tn.iinl.iinr*!  l»\  rssrtiti.iil\  vin«il.n  m.  rh.ini-'iM'.  .i*. 
fln»>**  f >t  \js<i'r.i!  stfMH»rh  iiium  !r  ll«mi  \n,  thr  on*»i't  of 
i  hut  s»  ol  Npikr  <lisr||.fi  **(>s  ,in«i  inrir.i'r  ot  ImMon  V\rn- 
no|  s\  nr  hi  oni/rcl,  .uni  in  r\imnr  i  .ims  thru 

u.o  mm  h  il  disp.niiv  ih.tl  <  ,n  h  ph*  nonn  non  .ip 

p'  .ui'l  to  * m  *  in  ind'  priM Irni l\  In  p.nl  thi**  mi‘.;ln  !►« 
m  *  t*iin!f<!  lot  .is  imjii  i  |ii  t  ions  tii  flit  in  ni'linv 

■ ■•‘true  Iml  hi  ill*'  ,u  rln  tills  'lioW"  th  it  ,IM  mi  hlnito'ls  ( 

J *. 1 1  1 1. J f  *  \*  If.M ton  *  ,ih  ot  i  hi  ini  !•  ju'mli  nl  l>  .ilm,**  I  !»• 
.iriN  i<  s|  |  1 1 1 
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i-  in  ••mu. i-(  i<>  ili.il  «>t  ,i<li i  n. dim  .md  t»»  iti.ii  i i*|mh (•'•I 
tm  .ii'clv It  holim*  mi  vimci.iI  ~ititxitli  mincics.  .i-  well, 
ul'ii  li  -him  iml\  •!<  |h>I.h  i/.ili<m  .nul  increase  iit  -pike 
.iclixitx.  -  !  In-  .icctx Iclicifitic  ctl,i  I  dillctcd  Ilian  the 
.idit'ii.dim-  cl!ec  I  also  in  fli.it  if  did  n«*l  pi.xiiec  .1  r«i- 
fi.ii  tuif.  ••veil  .il  liivli  dint!  (•(Hicruli.ilitKi-.  This  max 
lx-  due  lo  basic  diliciciiccx  «il  ionic  iiitvli.i»ixin>  In  « liicli 
tin*  mu  ,i”ciil'  .id.  .i-  Isis  altt-adx  Iktii  dcunaistratcd 
in  laciii.i  coli  <)■>.  It  should  lx-  noted  tli.it  .tltlwwial*  the 
li\ |HT(Milaci/itt^  cllccts  «»t  .HCtylclioliiH-  usually  .in* 
,n, all,  asic|Hirtvd  by  l  iin.tki  ttot  .md  conlirtnrtl  by  ns. 
tltcy  ,nc  ijiiitc  1 1 1 ii( 1 1 ii’.  .md  may  lx-  x«*ry  strikim:  a. 


ki;ii;rkn<;i_s 

I.  \X:  I  sS.ex.  J  .  I.  ISlIOIX,;.  XXI,  I-  Ifi  1  KXIM.  I  tic  mhilat.ax 
action  ol‘  .((tri'n.iliiic  on  intestinal  s,nn,at»  musel,-  id  rel.«ii»a,  *•• 
it,  action  on  plMs.plnaxl.ise  .ictixilx.  / '  lrhi >,.•/  />., A'S  1  V* 

»;i.  ,  .  , 

•  _.  lii'i  iikim;,  I’..  Memlxaie’  (xncntial,  ••!  siixxith  muscle  Itlac,  ,4 
tin*  taenia  coli  nf  the  guinea  pit:.  .A  /%,  •(••/..  l.-rtlm  :!••• 

I'  V 

(.  Hi  i  KKISO.  K.  (  Wietalinii  Ix-txveen  nieinliiane  |wt(Htial,  '|>*xe 
dist'harce  and  tension  in  siimn41i  imis.il’  ./.  /’Ai.i.,/..  /W«c  i-*H 
JIS»  I .  I, 

■  1.  Hi  t  IIKIM..  I.  ( thance,  in  .’ontictn  atinii  on  spniitanemtslx  ills- 

c|iiins«l  spike  |xitentia|.  Iioni  simxitli  nmsele  ol  the  uniiu-i 

pii»\  taenia  coli.  I  I . licet  ol  eleelrotonic  currents  atxl  ■>( 

ailrenaline.  aci’txli  lioline  anil  histamine  /  I'/n.iJ  .  /•”/”»■ 

i  {-,  II.’.  nr, 7 

•.  Iti  i  mux,;.  I.  .  xxn  1 1  K,  xix  xxi x  lUl.s is  .rt  •  li.mae,  in  ionic 

ei i\ in . . at  on  the  action  ol  acetxl.  holine  and  adrenali . 

the  smooth  nnisele  cells  ot  cnine.,  pit:  taenia  coli.  ./  fin. 

|M>  V*  71* 

II  III  it \, i •  h  x .  ( •  I  I . til’d,  ol  .netcli  holine  on  ineinlxane  |io- 

tential.  spike  tli'ipieni'x ,  coiiiIiii  iioii  xclocitx  and  excitahilitx 
in  the  taenia  coli  ot  the  auine, i  pia  <  /Vn  i  .|  i 

lit.’,  hi’, II 

7  III  Itx.il,  K.  (1  .  M  I  llonixx.  xxn  «:  I.  I’xicik  l  ledro- 
phvsii  ilot*x  ol' smooth  imidli*  /’Aio,./  A’.  It  |H-’  i-,-  Htt»i 
)!  CfiUHiRi.  A.  I-  M  x  i  me  xx’..  xxn  M  Sri  rut.  Spmtancmis 

elix’ti'ii’.il  ai'tix  itx  . . ammali.nl  vein  /  I’hi.iJ ..  /•■'■•■•'••»  >  ?'• 

jj  s  il*.  mt't 

I  t  xxxi  S  I  .livtnc.il  a.  tix  llx  ot  sinale  x.isdll.il  smooth  muscle 

i,l,s.  In  /’.A, .1. 'i.  it,  '"’.A  (  .//.  I  okxo  laakiishom. 
1  lontiu,  i'i1'".  !>  >•  {  -  | • 
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■  llllsfl. Ill'll  ill  |  |o  <>  ll  XXIMlkt  Is”  [BSsstld.  Ill  l'x|llj.>l  Ills 
|||»-||(HIR-||IUI  In  .issiiiniiRs  tit.il  anixldxiliix'  inir.ws 
tin*  [xH.tssiinii  |m’i ntcaliiiilx  car Ix'i  titan  tin*  pnis  jUln, 
ti  m  oilu’r  lint  sjuriisrxin  llxseth  llu’rlmtr  mi'.’lit  ins  ic.w 
tin*  |M’>  UH’.iInlitics  of  all  isms  in  a  ansaal  iiumsi .  ...  m 
appeal,  lo  do  in  taenia  etili  t  V  '•*  in  rclalitm  In  iroi-al 
.rf  cimlr.H’liie  ni.uiifestatioo,  in  x .eeul.tr  .iiusili  lines  I. 
il  xxiMtitl  lx-  ol  isilerest  |o  knot.  Inns  lie’  rllix  I  d  J  dors 
on  the  iiidixidtial  iixi  pcrne-aiulilx  xario.  witb  lie-  mriu 
Ix-.iik*  |xd.nlr.iti(Ki  al  I  lx-  lime  of  ap|tlicalbai 

I  lie  authors  tltauk  IV  II  \u  Is  .jhulls’  rle.se~.ss  e«! 
.elxa’r 


,,,  J  i  X XXI.  X  vxtr  II  Hi XIX  IJex  treat  arel  miss  lxa,MM  at  ax.il. 
■X'  isotate.1  xa~  idai  sneexli  mux  le  >4  tie-  sal  Ve  e.  ... .  ■« ■ 

>tt|.  nf>4 

t'cxiixail l.  K  I"  Hie  |>ka«utJssJri(tx  .4  vaxuLx  sort, 
iiitrx’lr.  I...  7  1*1  txv  ixy, 

Cnitsrn.J  ll»e elertreal aiel  its, tcaneal Irs|,s~  .a  ..as. 
nal  siiMMXh  inreete  cells  to  stimulate  «n,4  thrw  exlo.ee  |.e  c  ... 
|xitlx-tii‘  rterxes.  ./.  ••*-  7*  ‘S  t*4*s 

■  l  ll.xtx.  I_.  XXI*  K.  Zwtoxr'tt  s.xie’  Lena,  arise  tor;  tie  .* 
s|ewise  of  stiweali  imeele  trs  cle-meal  mnlubas  I”  ■-  -  - 1 
l  ;n  14K.  I(i»>:t 

t  I  Kixiimii,  W  K  Mrxliaiusm  .4  alm#i(.  41....MI0.  •( 
mamnuilian  arteries  arel  its  ladies  at  t*e  *’  1  ‘‘‘s*  £ 

1‘hfl.J  .  /mV,e  171  iK|  '"At 

I-,  Mxttslixlt.  J  M  litre. ts  d  irstl.eni  a;. I  («.sc*d 

silicic  uterine  muscle  lllet,  lit  tla- rat  t~  /  ” ■  - 

«M-’  i<r, n 

,r>  K* ,ni til .  I  I  he  ttausne’mlaaie-  |»4,  ntra!  duii.’i’’  ” — * 

xxitll  Sl.ueall  lll’tale  .e’ttxitx  in  truth  arler,.,  -del  ’’ 

I'ln-l-J..  Ij-r.l-n  l*,f  1  {15  1 7 ’  ••/*.'  __e- 

17  Spimx.  K  I Jix  trical  a,  lintx  .4  stnai.  sa».4t.  s,  t!wi.~ 

tie’  Iliea-nterit  arlerx  pirtir  ol  lx  >jAilr  i.»  le-ixs  a. - - 

lion  in  the  cmiiea-|MC  v  ar  t  h.|  i‘/<| 

,;{  fitxit.  \X‘  •.  Iiilrarellirial  slitaliss  a.  vaaatar  ..'..at, 

/  /Vn.,../  .  ltd  1;  iKl*.  o4«{ 

,t>.  \Xi N a>m  KX  .  J  .  XXI,  x  llexnx  li.t,a..i.uia, 

inoxinc  lisare,  with  a  tlexildx  ,.."i,a..i  oh,.,. ......  t*..*-.^ 
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Reprinted  from  "FEDERATED  PROCEEDINGS"  Vol.  27(2) :704,  I960 

INTRACELLULAR  RECORDING  OF  ELECTRICAL  ACTIVITY  L'F  VASCULAR  SMOOTH  MUSCLE. 

L.  Horn  and  M.  Kumamoto*,  N.J.  Col.  Med.  &  Dent.,  Jersey  City,  N.J.,  and 
A.  Nakaj Ima*,  Kyoto  Unlv.,  Japan. 

Spontaneous  and  drug  Induced  electrical  activity  of  vascular  smooth 
muscle  from  the  longitudinal  layer  of  the  superior  mesenteric  vein  of  the 
guinea  pig  has  been  recorded  with  Intracellular  microelectrode  techniques. 
Adrenaline  or  noradrenal ine  caused  increase  in  spike  activity;  10"^  g/ml 
adrenallng  caused  eventually  sustained  depolarization  whereas  this  con¬ 
centration  of  noradrenaline  only  Increased  the  frequency  of  action  potentials. 
In  contrast  Isoproterenol  first  abolished  spike  activity  and  then  hyper- 
polarized  the  muscle  membrane.  This  inhibitory  response  was  followed  by 
repolarization  associated  with  bursts  of  spike  discharges.  Solutions 
containing  excessive  amounts  of  potassium  depolarized  the  membrane  to 
about  10  mV.  Adrenaline  caused  further  increase  in  tension.  Thus, 
adrenaline  has  a  direct  effect  on  this  muscle  not  associated  with  spike 
activity  or  changes  In  the  membrane  potential.  The  excitatory  effect  of 
Achi\*iay.‘brought  about  by  initiation  of  or  increase  of  spike  activity 
and  Uepolarizat ion  of  the  membrane.  However,  the  effect  on  the  membrane 
potential  was  reversed  in  the  presence  of  23.5  mM  potassium  solutions, 
hyperpolarizat Ion  resulted  to  a  steady  state  of  about  40  mV.  (Supported 
by  Contract  DA-49- 1 93 -1^10—2843  with  the  U.S.  Army  R  ;  D  Command  and  a 
grant  from  the  American  Heart  Association.) 
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Reprinted  from  THE  M ICROC IRCULATORY  SOCIETY  -  XVI  Annual  Conference  -  1968 

A  SOLID  STATE  IMPULSE  FLOV  METER.  L.  Horn  and  A.  Rose.  Dept.  Physiol, 
and  Electr.  Shop,  N.Y,  Med.  Coil.,  Mew  York,  N.Y, 

Few  methods  for  recording  blood  flow  utilize  direct  measurement  of 
volume  per  unit  time.  V'e  have  constructed  an  Impulse  flow  meter  which 
in  basic  principle  is  a  solid  state,  electronic  version  of  the  mechanical 
ordinate  drop  flow  recorder  developed  and  extensively  used  by  Folkow  and 
associates  since  19^9.  Blood  drops,  falling  through  a  silicone  filled 
chamber  and  breaking  a  light  beam  focused  on  a  miniature  photocell, 
generate  Input  impulses  recorded  sequentially  by  an  electromechanical 
register.  Another  register,  preset  to  any  number  from  1  to  999,  counts 
the  drops  In  a  backward  fashion.  When  this  counter  reaches  zero  it  sends 
out  a  signal  and  resets  itself.  The  signal  In  turn  resets  a  ramp  signal 
that  is  generated  In  synchronism  with  the  preset  counter.  The  ramp  signal 
is  used  to  drive  an  electronic  recorder  or  oscillograph.  Self-checking 
circuits  are  provided  to  test  the  performance  of  the  instrument  and  for 
making  Initial  calibrations.  Overall  accuracy  is  better  than  one  per  cent, 
Performance  data  and  advantages  as  used  In  microcl rculatory  studies  cf 
th,  Ce ■  intestine  will  be  u:sc*;ssea,  (Supported  by  Contract  Dh-^9-193-MD- 
28^3  with  the  U.S.  Army  R  &  D  Command.) 
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Reprinted  from  "INTERNATIONAL  CO.IGRESS  OF  MICROCIRCULATION"  -  1968 

ELECTRICAL  AND  MECHANICAL  ACT  ‘ITY  OF  8LOOD  VESSELS  IN  RELATION  TO  METASOL  ISM.  L. 
Horn  and  M.  Kumamoto.  Dept,  "hysiology,  New  Jersey  College  of  Medicine  and 
Dentistry,  Jersey  City,  New  Jersey,  U.S.A. 

Local  blood  flow  is  controlled  through  graded  changes  in  the  diameter  of  the 
peripheral  blood  vessels  and  a  more  or  less  complete  opening  or  closure  of  the 
precaplllary  sphincters.  Little  is  known  about  how  metabolism  affects  and  regu¬ 
lates  the  responsiveness  of  vascular  smooth  muscle.  Utilizing  intracellular 
techniques  _[n  vitro  we  have  studied  spontaneous  and  drug  induced  electrical  and 
mechanical  activity  and  some  effects  thereon  of  metabolic  poisons.  In  the 
longitudinal  smooth  muscle  of  the  guinea  pig's  superior  mesenteric  vein.  Unlike 
other  smooth  muscle,  this  vascular  muscle  exhibits  no  prominent  excitatory  phase 
following  exposure  to  2-A-d In i trophenol  (DNP)  in  concentrations  of  10“^  to  5 
x  10_i+M.  Only  a  slight  increase  In  electrical  activity  was  observed  and  this 
was  not  accompanied  by  Increase  in  tension.  Vithin  40  to  60  seconds  the  muscle 
relaxed  rapidly  to  a  level  of  low  tension  and  showed  irregular  waves  of  faint 
co..  tract  1 1 e  activity.  These  effects  of  DNP  were  associated  with  a  change  Ln 
electrical  activity  from  the  characteristic  bursts  of  action  potentials  to  a 
repetitive  firing  of  single,  pacemaker  type,  action  potentials  of  low,  but  remark¬ 
ably  constant,  frequency.  Typical  for  these  action  potentials  Is  a  large  negative 
after  potential  or  "slow  component".  This  kind  of  electrical  activity  continued 
uninterrupted  as  long  as  the  preparation  was  exposed  to  the  drug.  Direct  micro¬ 
scopic  observation  repealed  considerable,  but  asynchronous  contractile  activity, 
which  may  account  for  the  low  tension  and  further  Indicate  failing  of  conduction 
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under  these  conditions.  Catecholamines  (10"6m)  elicited  their  usual,  however 
diminished  responses  in  the  presence  of  DNP  in  the  above  concentrations.  It 
is  noteworthy  that  isoproterenol  in  concentrations  of  10“^  to  which 

Initially  abolishes  the  slow  repetitive  firing  associated  with  DNP  action,  sub¬ 
sequently  counteracts  the  effects  of  the  poison  and  increases  tension  substantially. 
The  hyperpolarizing  effects  of  DNP,  typical  in  taenia  coll  and  also  after  pro¬ 
longed  exposure  in  uterine  smooth  muscle  did  not  appear  in  the  smooth  muscle  of 
the  superior  mesenteric  vein  within  30  minutes  of  observation.  These  and 
essentially  similar  studies  with  cyanide  will  be  discussed  in  relation  to  the 
responses  of  vascular  smooth  muscle  to  chemical  mediators.  (Supported  by  Contract 
DADA-1 7-68-C-8058  with  the  U.S.  Army  Research  and  Development  Command  and  a 
grant  from  the  American  Heafit  Association.) 
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Reprinted  from  PROC.  OF  THF  INTERNATIONAL  UNION  OF  PHYSIOLOGICAL  SCIENCES  -  V.  VII 

200,  1968. 

ELECTRICAL  PROPERTIES  OF  VASCULAR  SMOOTH  MUSCLE.  L.  Horn  and  M.  Kumamotc*.  N.J. 
Coll.  Med.  S  Oent.,  Jersey  City,  N.J.  and  A.  Nakaj Ima*,  Kyoto  Univ.,  Kyoto,  Japan. 

V'e  have  Investigated  the  electrical  properties  of  vascular  smooth  muscle  with 
Intracellular  techniques.  The  normal,  spontaneous  activity  of  longitudinal 
fibers  of  the  superior  mesenteric  vein  of  the  guinea  pig  Is  essentially  similar 
to  the  activity  of  visceral  smooth  muscle.  Action  potentials  associated  with 
spontaneous  contractions  range  from  35  to  63  mV  and  rise  abruptly  or  are  generated 
by  slow  depolarizations  from  resting  levels  of  43  to  67  mV.  The  marked  tendency 
of  pacemaker  activity  In  this  muscle  may  Indicate  a  poor  conduction.  The  spikes 
appear  singly,  In  pairs,  and  In  bursts  of  considerable  duration.  Accompanying 
action  potentials  with  a  half  duration  of  14  +  2.9  msec  slow  voltage  changes  of 
considerable  amplitude  occurred.  This  slow  component  Is  quite  characteristic 
of  this  relatively  small  smooth  muscle  fiber  and  will  be  discussed  In  terms  of 
conductance  changes.  Experiments  with  graded  changes  in  KQ  show  that  the  resting 
potential  depends  on  the  KI/Ko  gradient  with  a  maximal  slope  of  35  mV  per  ten¬ 
fold  change  In  K0.  It  is  remarkable  that  linearity  extends  beyond  the  range 
found  In  other  muscle  and  In  nerve.  Non-1 Inearlty  appears  in  the  range  of  normal 
Ko,  i.e. ,  the  apparent  decrease  in  gK  occurs  at  the  normal  resting  potential  of 
this  muscle.  It  was  also  shown  that  the  membrane  Is  less  permeable  to  SOiJ"  than 
to  Cl”.  The  slow  potential  was  more  prominent  In  preparations  exhibiting  low 
activity  and  poor  conductivity  as  judged  from  the  preponderance  of  generated 
sp'.kes.  The  results  of  our  studies  will  be  discussed  In  terms  of  Ion  permeabili¬ 
ties  and  a  possible  potassium  Inactivation.  (Supported  by  Contract  DADA-1 7-68-C- 
8058  with  the  U.S.  Army  R  6.  0  Command.) 
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ABSTRACT 

Horn,  L.,  H.  Kumamoto  and  A.  Makajlma:  Electrical  Activity  Induced  by  Catecholamines 
and  Acetylcholine  In  Vascular  Smooth  Muscle.  Am.  J.  Physiol.  - . 

Electrical  activity  of  the  longitudinal  muscle  fibers  from  the  superior 
mesenteric  vein  of  the  gunlea  pig  was  studied  jj  vitro  using  Intracellular  techniques. 
Adrenaline  or  noradrenaline  Increased  spike  activity  and  caused  a  sustained  depolar¬ 
ization.  Isoproterenol  abolished  spike  activity  and  subsequently  hyperpolarlzed 
the  membrane.  Adrenaline  Increased  tension  without  causing  electrical  changes  of 
preparations  depolarized  to  about  10  mV  by  high  concentrations  of  potassium. 
Acetylcholine  Initiated  or  increased  spike  activity  and  depolarized  the  membrane, 
but  repolarized  the  membrane  when  It  had  been  depolarized  to  about  32  mV  by  23.5  mM 
potassium  solution  prior  to  drug  application,  suggesting  that  acetylcholine  produces 
an  equilibrium  potential  of  about  40  mV  in  this  vascular  smooth  muscle. 


i 

1 


(This  work  was  supported  by  contract  0A-49-193-MD-2843  with  the  li.S.  Army  Medical 
Service  Research  Development  Program  and  by  a  grant  from  the  American  Heart 
Assoc  lat ion. ) 
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ELECTRICAL  ACTIVITY  INDUCED  BY  CATECHOLAMINES  AND  ACETYLCHOl I  HE  IN  VASCULAR  MUSCLE. 
L.  Horn,  M.  Kumamoto  and  A.  Nakajlma.  Depts.  Physiology,  N.Y.  Med.  College,  N.Y. 
and  College  of  Med.  &  Dent,  of  N.J.  at  Newark,  Newark,  N.J  (Submitted  for  publi¬ 
cation,  1970.)  Supported  by  Contract  DA-49-193-MD-2843  with  the  U.S,  Army 
Medical  Service  Research  Development  Program  and  a  grant  from  the  American  Heart 
Association. 

Introduct ion:  n:e  effects  of  catechelamines  and  acetylcholine  on  vascular  smooth 

muscle  have  been  studied  in  considerable  detail  utilizing  a  variety  of  methods 
(Furchgott,  1955).  Electrophys iologlcal  recording  techniques,  i.e.,  intracellular 
recording  and  the  sucrose  gap  method,  have  only  recently  been  applied  to  vascular 
smooth  muscle  to  study  the  changes  in  membrane  activity  produced  by  transmitter 
agents.  Reports  show  that  the  excitatory  effects  of  adrenaline  and  noradrenaline 
on  blood  vessels  are  brought  about  by  depolarization  of  the  membrane  and  initiation 
or  increase  in  spike  activity  (Roddie,  1962;  Funaki,  1964;  Keatinge,  1964;  Steed- 
mand,  1966;  Nakajlma  and  Horn,  1967a, b;  Horn  and  Nakajlma,  1967).  Inhibitory  **' 
effects  of  isoproterenol,  although  short-lasting  even  at  high  concentration,  were 
associated  with  suppression  of  spike  activity  on  the  portal  vein  of  the  rat  (Sutter, 
1965;  Axelssen,  Johanson,  Jonsen,  anc  V'ahlstrom,  1967). 

In  our  present  experiments  we  investigated  further  the  behavior  of  single 
cells  of  the  superior  mesenteric  vein  of  the  guinea  pig  in  response  to  catechola¬ 
mines  and  obtained  some  additional  Information  including  continuous  records  of 
the  ‘direct1  action  of  adrenaline  on  the  contractile  elements  of  the  muscle. 

Sutter,  1965,  reported  that  in  the  guinea  pig,  acetylcholine  caused  con¬ 
traction  at  any  dose  up  to  10"5  g/ml  of  the  superior  mesenteric  vein.  The  increase 
In  tension  was  brought  about  by  depolarization  of  the  membrane  and  Increase  in 
spike  activity.  An  initial  hyperpolarization  preceding  the  depolarization  has 
also  been  reported  (Funaki  and  Bohr,  1964;  Nakajlma  and  Horn,  1967  a,b). 
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It  Is  well  known  that  acetylcholine  produces  an  equilibrium  potential  at  the 
motor  end  plate,  presumably  associated  with  an  Increase  In  membrane  permeability 
to  all  Ions  (Fatt  and  Katz,  1951;  del  Castillo  and  Katz,  1 954,  1955).  Acetylcholine 

II 

also  produces  an  equilibrium  potential  In  taenia  coll  (Burnstock,  1958b;  Bulbring 
and  Kurlyama,  1963).  In  present  experiments  we  have  studied  the  effects  of  acetyl¬ 
choline  on  the  superior  mesenteric  vein  and  the  results  suggest  that  an  equilibrium 

potential  also  exists  for  acetylcholine  In  this  vessel,  although  the  level  of  this 

✓ 

potential  was  considerably  higher  than  that  for  taenia  coll. 

Methods.  The  superior  mesenteric  vein  of  the  guinea  pig  was  used  for  all  experi¬ 
ments.  Longitudinal  strips,  1  x  7  mm,  were  mounted  In  a  small  chamber  with  modifier 
Krebs  solution  at  37C,  such  that  the  outer  surface  of  the  vessel  vsall  was  accessi¬ 
ble.  The  standard  solution  contained:  (mM)  NaCl  133,  NaHC03  16.3;  N8H2P04  1.38; 

KC1  4.7;  CaCl2  2.5;  MgClj  0.105  and  dextrose  7.8  (Keatinge,  1964),  and  was  equili¬ 
brated  with  a  mixture  of  5%  CO2  and  95%  O2.  After  removing  the  connective  tissue, 
microelectrodes  with  a  resistance  of  20  to  50  megohm  were  Inserted  Into  the 
longitudinal  smooth  muscle  layer  by  the  floating  method  (Woodbury  and  Brady,  1956). 
The  Isometric  tension  of  the  strip  was  monitored  via  a  mcchanoelectrlc  transducer 
(RGA  5734)  and  together  with  the  membrane  potential  displayed  on  the  oscilloscope. 

A  Grass  kymograph  camera  was  used  to  obtain  permanent  records  suitable  for  Illus¬ 
trations  (slow  speed)  and  for  measurement  of  rates  of  rise  and  fall  and  the  duration 
of  the  action  potentials  (high  speed).  Modified  Krebs  solutions  with  high  potassium 
chloride  concentrations  were  prepared  by  replacing  sodium  c  llorlde  by  equimolar 
amounts  of  potassium  chloride.  When  excess  potassium  was  raqulred,  solid  potassium 
chloride  was  added  to  the  standard  solution.  It  was  technically  difficult  to  main¬ 
tain  impalement  during  rapid  change  of  the  bath  medium.  Therefore,  the  micro- 
electrode  usually  had  to  be  reinserted  after  the  solution  hid  been  replaced. 
Calculated  amounts  of  drugs  dissolved  In  the  standard  solution  were  added  directly 
to  the  bath,  1.5  cm  from  the  recording  site. 
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Results: 


Normal  Activity:  The  superior  mesenteric  vein  was  spontaneously  active.  Bursts 
of  spike  discharges  were  usually  associated  with  the  contractions,  although  the 
two  phenomena  did  not  always  have  the  same  time  course.  The  burst  usually  arose 
abruptly  from  resting  membrane  potential,  l.e.,  the  burst  was  triggered  by  a  con¬ 
ducted  impulse,  also  when  the  membrane  appeared  to  be  in  a  highly  excitable  condi¬ 
tion  as  determined  by  degree  of  spontaneous  acttvity  and  subsequent  responses  to 
drugs.  Generated  spikes,  as  judged  by  a  slow  depolarizaing  phase,  appeared  sporad¬ 
ically  and  more  frequently  when  the  preparation  had  a  low  membrane  potential  (Fig. 
IE).  The  configuration  of  the  action  potentials  during  a  burst  varied  considerably. 
For  all  action  potentials  the  average  value  (+  SE)  cf  the  maximum  rate  of  rise  was 
4.8  +  1.7  V/sec.,  rate  of  fall  was  3.6  +  0.8  V/sec.,  end  half  duration  was  14  +  2.9 
msec.  Fig.  1A  shows  a  burst  consisting  of  fast  action  potentials  with  rapid  rates 
of  rise  and  followed  by  marked  positive  after  potentials.  However,  the  most  common 
pattern  of  the  burst  Is  shown  In  Fig.  IB.  There  can  be  seen  Irregular  spikes  with 
varying  amplitudes  intermingled  with  fast  spikes.  The  maximum  rates  of  rise  and 
fall  of  the  Irregular  spiles  were  lower  than  those  of  the  fast  spikes.  For  example, 
the  averages  from  three  different  such  bursts  were  6.1  V/sec.  and  3.6  V/sec.  for 
the  fast  spikes  as  compared  to  4.7  V/sec.  and  3.2  V/sec.  for  :he  Irregular  spikes. 

The  prominent  slow  wave  during  the  burst  war  e  characteristic  feature  of  the 
electrical  activity  of  this  vessel.  In  preparation  with  low  membrane  potentials 
the  duration  of  the  burst  was  short-last  1  ig  and  the  spikes  arose  with  the  slow 
waves  (Fig.  1C).  After  the  first  spike  was  triggered  by  a  conducted  Impulse,  the 
prominent  slow  wave  followed  from  which  a  second  and  third  spike  generated  success¬ 
ively.  Not  only  generated  spikes  but  also  conducted  ones  may  be  superimposed  or, 
the  slow  wave. 

More  simplified  combinations  of  spikes  and  slow  waves  can  be  seen  In  Fig,  ID. 
After  Initial  complex  spike  discharges,  single  spikes  followed  by  prominent  slow 
waves  appeared.  The  slow  wave,  basically  as  represented  here,  but  often  somewhat 

modified  by  abortive  spikes,  appear  to  be  char&cter 1st Ic  for  tb*s  muscle. 
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O"asion»’ly  single  spikes  were  generated  inte*r»i ttent’y  K.t^iout  slow  waves  as 
il lustrated  in  fig.  IE. 

Longer  bursts  cf  spike  d!schargcs  are  usually  superimposed  on  a  more  or  less 
sustained  depolarization  of  the  ner.hrane.  The  amplitude  of  this  depolarization 
varied,  ranging  from  G  to  15  mV.  No  relation  could  be  found  between  amplitude  and 
initial  membrane  potential  or  amplitude  and  duration  of  the  burst. 

Effects  of  Adrenal Ine  and  Norad renal Ine:  The  action  of  adrenaline  on  this  spon¬ 
taneous  active  preparation  has  been  described  previously  (Nakaj  liaa  and  Horn,  1967a, 
b) .  A  typical  pattern  of  the  drug  action  Is  shown  In  Fig.  2.  The  changes  in  mem¬ 
brane  potential  and  spike  f requency  produced  by  adrenaline  in  different  concentra¬ 
tions  were  plotted  against  time  (Fig.  3).  Adrenaline  in  high  concentration  (10  3 
or  g/ml)  caused  rapid  depolarization  of  the  membrane  associated  with  Increase 

in  spike  frequency.  The  action  potentials  eventually  changed  Into  mere  oscilla¬ 
tions  of  declining  frequency  until  finally,  a  sustained  depolarization  remained. 

In  'iw.'er  concentration  (10~^  g/ml)  the  sequence  cf  events  progressed  more  slowly. 

_p  -9 

In  very  concentrations  (10-J  or  10  g/ml),  the  only  effect  was  a  prolongation 
of  the  burrts  and  shortening  of  the  intervals  between  bursts  without  detectable 
depolarization  of  the  resting  membrane  potential.  The  final  level  of  the  depolar¬ 
ization  induced  by  high  concentration  of  adrenaline  was  around  23  mV. 

Noradrenaline  had  qualitatively  the  same,  but  quantitatively  lesser  effect 
than  adrsnaline.  fig.  4  shews  the  effect  of  noradrenaline  in  a  concentration  of 
10  k  g/ml.  Spike  activity  still  continued  at  high  frequency  four  minutes  after 
administration  of  the  drug. 

Effects  of  Adrenal ine  at  High  Potass ium  Concent  rat  Ions :  The  effect  of  adrenal ine 

was  examined  in  muscles  completely  depolarized  by  addition  of  solid  potassium 

chloride,  directly  to  the  incubation  chamber  in  order  to  observe  the  dissociation 

between  electrical  and  mechanical  activity.  The  Increase  in  external  potassium 

concentration  caused  rapid  depolarization  of  the  membrane  of  the  superior  mesenteric 

vein  accompanied  by  repetitive  discharges  of  action  potentials  of  high  frequency 

(Fig.  5).  After  10  to  20  sec.,  the  spike  activity  ceased  and  sustained 
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depolarization  of  about  10  mV  was  obtained.  Tension  developed  rapidly  associated 
with  this  accelerated  membrane  activity  and  depolarization.  Adrenaline,  when 
applied  after  the  depolarization,  caused  a  further  increase  In  tension,  but  without 
by  itself  causing  detectable  change  In  the  membrane  potential.  It  is  noteworthy 
that  the  onset  of  this  increasing  tension  usually  occurred  after  some  degree  of 
repolarization  (to  fig.  5  at  a  membrane  potential  of  about  20  mV),  however,  the 
slight  repolarization  cannot  be  attributed  to  the  adrenaline  as  it  usually  occurred 
also  In  the  absence  of  the  drug. 

Effects  of  Isoproterenol:  Isoproterenol  had  an  Inhibitory  effect  on  the  superior 
mesenteric  vein.  The  effect  was  brought  about  by  suppression  or  abolition  of  spike 
activity,  usually  followed  by  hyperpolarization  or  repolarizat Ion  of  the  membrane. 

Fig.  6  shows  the  effect  of  10-^  g/ml  Isoproterenol.  Two  minutes  thirty  seconds 
after  application  of  the  drug  the  last  train  of  spike  discharges  appeared  with  irreg¬ 
ular  and  abortive  spikes.  No  further  spikes  were  observed  even  though  the  Impalement 
was  maintained  for  five  minutes. 

The  membrane  hyperpolarized  gradually.  The  maximal  degree  of  the  hyperpolari¬ 
zation  was  only  about  6  mV  in  the  case  illustrated.  The  abolition  of  spike 
discharges  preceded  the  hyperpolarizaticn. 

After  the  Inhibitory  effect  subsided  the  membrane  returned  to  its  initial 
resting  leva*  or  lower  and  bursts  of  spike  discharges  appeared  with  short  intervals. 

Similar  responses  have  also  been  described  by  Axelsson,  1966  et  ah,  for  rat's 
portal  vein.  However,  the  Inhibitory  period  lasted  five  minutes  or  more  In  the 
guinea  pig  whereas  it  was  very  short-lasting  In  the  rat  for  the  same  concentration 
of  the  drug. 

Effects  of  Acetylcholine:  Acetylcholine  depolarized  the  membrane  and  initiated 
or  gradually  Increased  the  spike  activity  of  the  preparation.  A  typical  record  is 
shown  in  Fig.  7.  The  maximum  rate  of  rise  and  rate  of  fall  of  the  action  is  shown 
in  Fig.  7.  The  maximum  rate  of  rise  and  rate  of  fall  of  the  action  potentials 
increased  after  application  of  acetylcholine.  Four  series  of  such  measurements 

were  performed.  One  of  these  which  had  the  unusually  low  initial  values  of  2.5  V/sec 
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and  2.4  V/ sec  Increased  to  4.1  V/ sec  and  3.4  V/sec  five  minutes  after  the  application 
of  the  drug  in  a  concentration  of  10"®  g/ml . 

Changes  in  membrane  potential  produced  by  acetylcholine  have  been  illustrated 
graphically  In  Fig.  8.  After  a  brief  time,  during  which  a  slight  hyperpolarization 
sometimes  occurred  as  described  previously  (Nakaj ima  and  Horn,  1967b),  the  membrane 
potential  decreased  gradually  to  the  level  of  40  to  45  mV.  The  spike  frequency 
initially  increased  and  firing  became  repetitive  and  then  returned  to  control  rates 
before  any  detectable  repolarization  occurred.  It  should  be  noted  that  the  initial 
frequency  of  spike  discharge  given  In  Fig.  8  is  the  frequency  within  Intermittent 
bursts  In  the  control  period  and  subsequent  values  for  frequency  are  after  firing 
has  become  repetitive.  The  action  potentials  did  not  deteriorate  into  oscillation 
with  drug  concentrations  ranging  from  10”®  to  10”®  g/ml. 

Effects  of  Acetylchol ine  with  High  Potassium  Concentrat ions :  The  effect  of  acetyl¬ 
choline  was  also  tested  at  high  potassium  concentrations.  V/hen  the  preparation  was 
exposed  to  a  solution  containing  2.5  times  normal  concentration  of  potassium,  the 
membrane  potential  either  did  not  change  or  It  decreased  slightly;  the  spike  activity 
increased  and  the  intervals  betv.'een  the  burst  shortened  or  occasionally  the  firing 
became  repetitive.  Under  these  conditions  acetylcholine  in  concentrations  of  10"® 
to  10"®  g/ml  depolarized  the  membrane  to  40-45  mV  and  increased  firing  frequency 
further  as  it  didin  normal  Krebs  solution.  V/hen  exposed  to  5  times  normal  concen¬ 
tration  of  potassium  the  preparation  depolarized  to  28-38  mV  and  fired  repe.ltive 
action  potentials.  Under  such  conditions  acetylcholine  would  repolarize  the  membrane 
slightly  (average  6  mV)  but  nevertheless  accelerate  the  spike  activity  (Fig.  9). 
Representative  records  of  these  changes  in  membrane  potential  have  been  plotted  In 
Fig.  10  and  indicate  that  the  drug  action  on  membrane  potential  was  reversed  when 
the  membrane  was  already  depolarized  to  40  mV  or  less.  Therefore,  acetylcholine 
shifted  the  membrane  towards  a  definite  potential  level. 
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Discuss  Ion: 


Intermittent  spontaneous  bursts  of  spike  discharges  are  a  common  feature  of 
the  electrical  activity  of  the  superior  mesenteric  vein.  The  bursts  are  usually 
evoked  by  conducted  Impulses  from  active  neighbouring  cells.  However,  In  prepara¬ 
tions  with  low  resting  potentials,  single  spikes  with  a  slow  rising  phase  appear, 
Indicating  that  the  impaled  cell  Is  also  capable  of  generating  the  spikes.  Apparent¬ 
ly,  a  usually  prominent  slow  wave  (Nakaj Ima  and  Horn,  1 967  a,b)  is  a  most  important 
factor  for  production  of  subsequent  spikes  during  a  burst.  The  slow  wave  or  local 
potential  of  smooth  muscle  has  been  attributed  to  electrotonlc  spread  from  active 
neighbouring  cells  (Bulbring,  Burnstock  and  Holman,  1958).  It  has  also  been  suggest¬ 
ed  that  It  may  originate  at  special  loci  of  the  cell  membrane  (Kurlyama  and  Tomita, 
1965;  Tomita,  1966).  The  slow  wove  observed  In  our  preparation  may  not  be  easily 
attributed  to  electronic  spread  because  of  Its  long  duration.  The  characteristic 
(undlstorted)  pattern  of  the  slow  wave  Is,  furthermore,  that:  of  a  marked  negative 
after-potential  as  shown  In  Fig.  ID.  V'hen  It  reaches  threshold  level,  second  or 
third  spikes  are  triggered.  Since  the  amplitude  of  the  slow  wave  In  other  smooth 
muscle  has  been  shown  to  be  strongly  influenced  by  the  external  sodium  concentration 
(Bulbring  et  al.  1963;  Tama!  and  Prosser,  1966),  changes  in  the  sodium  permeability 
may  be  Important  for  the  production  of  slow  waves.  It  has  been  observed,  however, 
that  a  characteristic  feature  of  the  action  potential  Is  a  rap’d  rate  of  repolarlzc- 
tlon  which  brings  the  membrane  towards  the  potassium  equilibrium  level  and  produces 
a  marked  positive  after-potential  (Speden,  1964;  Nakaj ima  and  Horn,  1967  a,b).  This 
may  be  explained  In  terms  of  a  rapid  and  adequate  increase  in  potassium  permeability 
(Steedman,  1966),  although  the  mtjhanisn  controlling  the  pattern  of  activity  could 
be  considered  a  competitive  action  between  spike  generation  and  repo’arizat Ion,  but 
where  the  corresponding  increases  In  po4- -  rs lum  permeability  vary  in  duration  lesult- 
Ing  In  slow  waves,  abortive  spike?  .^xbrane  oscillations. 

V'hen  the  membrane  Is  highly  excitable-  jnd  the  patt',-r>  Is  that  of  rapid  repeti¬ 
tive  firing,  slow  waves  do  not  occur  (F  g.  1A).  Ho^«*-  nen  the  membrane  potential 
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is  low  and  the  preparation  fires  at  a  low  frequency,  activated  by  the  spike,  unknown 
factors  may  more  easily  overcome  the  driving  force  that  tends  t  bring  the  membrane 
back  towards  the  potassium  equilibrium  potential.  The  fact  that  the  rate  of  fall 
of  the  spikes  with  slow  wavas  was  much  lower  thai.  that  of  the  spikes  with  a  marked 
positive  after-potentials  may  suggest  that  the  sodium  Inactlvat’on  progresses  slower, 
and/or  that  the  potassium  permeability  Is  Inadequate  under  these  conditions.  Other 
explanations  are  also  possible.  The  suitained  depolarization  or  plateau  during  a 
burst  Is  maintained  for  varying  periods  of  time.  Usually,  a  subsequent  generated 
full  spike  causes  repolarlzatlon.  However,  It  should  be  emphasized  that  there  are 
mostly  conducted  spikes  superimposed  on  the  slow  wave  and  on  the  plateau  even  though 
many  of  the  spikes  appear  to  have  been  generated  from  both. 

As  reported  previously,  adrenaline  or  noradrenaline  have  excitatory  effects  on 
the  superior  mesenteric  vein,  brought  about  by  increase  in  spike  activity  and 
depolarization  of  the  membrane.  In  addition  to  the  membrane  stimulating  action, 
adrenaline  appears  to  have  a  direct  effect  on  the  contractile  elements  of  smooth 
muscle.  This  effect  has  been  demonstrated  in  various  smooth  muscle  more  or  less 
fully  depolarized  by  high  concentrations  of  potassium,  (Evans,  SchMd  and  Thesleff, 
1958;  V'augh,  1962;  Edman  and  Schild,  1963).  In  present  experiments,  utilizing  simi¬ 
lar  procedures,  our  preparation  depolarized  rapidly  to  the  level  of  about  10  mV  as 
other  smooth  muscle  does  (Holman,  1958;  Goto  and  Csapo,  1959;  Junq,  1959;  Marshall, 
1962).  Adrenaline  caused  a  further  Increase  In  tension  without  detectable  change 
In  membrane  potential  attributable  to  the  drug.  As  noted  previously,  however,  the 
onset  of  this  direct  effect  does  not  occur  until  the  membrane  has  repolarized  some¬ 
what.  In  the  Illustrated  case  the  tension  begins  to  Increase  when  the  membtane 
potential  reaches  15-20  mV,  viz.,  below  or  about  the  same  level  of  depolarization 
where  spike  activity  Is  abolished  by  adrenaline  in  experiments  with  other-wise 
untreated  smooth  muscle  from  the  sur.olor  mesenteric  vein.  It  Is  noteworthy  in  this 
regard  that  tension  usually  cc.vl  inues  10  »..c:  °ase  also  after  cessation  of  membrane 
activity  In  the  latter  type  experiments  arc'  that  this  increase  most  probably  must 

be  considered  a  direct  adrenaline  effect,  rather  than  one  due  to  remaining  electrical 
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activity  In  other  muscle  fibers  after  the  activity  has  ceased  In  the  Impaled  one, 
as  suggested  b/  us  In  a  previous  report  ('.'akaj  ima  and  Horn,  1967b).  Edman  and 
Schild  (1963)  hv/e  suggested  that  an  Increased  permeability  to  Ca  Ions  may  be 
responsible  for  >he  direct  effect. 

Little  is  known  about  the  Inhibitory  effect  of  isoproterenol  on  this  vessel. 

The  only  relevant  :lnding  In  the  present  experiments  Is  that  the  effect  was  brought 
about  by  abolition  of  spike  activity  and  hyperpolarization  of  membrane.  It  is  note¬ 
worthy  that  the  spike  activity  ceased  before  notlceble  hyperpclarlzat ion.  This 
change  In  membrane  activity  ls*quite  similar  to  that  which  adrenaline  produces  in 
taenia  col i  (Burnstock,  1958b;  Bulbring  and  Kurlyama,  1963). 

Acetylcholine  causes  increase  in  spike  activity  and  depolarization  of  the  mem¬ 
brane  of  the  superior  mesenteric  vein  (Funaki  aod  Bohr,  1965;  Junakl,  1966;  Nakaj ima 
and  Horn,  1967  a,b;  Hern  and  Hakrj ima,  1967)  analogous  to  its  effect  on  visceral 
smooth  muscle  (Burnstock,  Holman  and  Prosser,  1963).  The  question  arises  whether 
or  not  the  underlying  Ionic  mechanisms  are  the  same  as  in  other  smooth  muscle.  In 
taenia  coli  the  effect  of  acetylcholine  depended  on  the  initial  membrane  potential; 

1  I 

the  higher  the  initial  membrane  potential,  the  greater  the  depolarization  (Bulbring 
and  Kuriyama,  1963),  and  Burnstock  (1953a)  has  shown  that  depolarization  did  not 
occur  or  was  reversed  to  a  repolarization  in  a  solution  containing  40  mM  potassium. 
Similarly,  in  present  experiments,  on  exposure  to  11.7  mM  (2.5  times  normal)  of 
potassium,  no  change,  or  only  a  slight  decrease  in  membrane  potential  was  observed, 
as  might  be  expected  since  this  concentration  corresponds  to  the  non-linear  part 
of  the  potassium  concentration-depolarization  curve  (Kumamoto  and  Niu,  1967).  In 
this  solution  acetylcholine  depolarized  the  membrane.  However,  when  the  membra--, 
was  depolarized  to  about  32  mV  on  exposure  to  the  solution  containing  23.5  mM 
potassium  (5  times  normal)  acetylcholine  had  a  tendency  to  repolarize  the  membrane 
as  was  shown  in  Fig.  10. 

Therefore,  It  is  suggested  that  acetylcholine  produces  an  equilibrium  potential 
of  approximately  40  mV  in  this  vascular  smooth  muscle,  as  compared  to  about  20  mV 
in  taenia  coll  (Burnstock,  1958a). 
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The  ionic  mechanisms  of  this  acetylcholine  effect  In  our  preparation  are  un¬ 
known.  Because  of  the  similarity  of  the  changes  In  membrane  potential  it  Is  likely 
that  similar  mechanisms  may  be  involved  as  those  described  for  the  motor  end  plate 
and  for  taenia  col i . 


I 
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Fig.  1  -  Patterns  of  spontaneous  electrical  activity.  Upper  trace  Is  tension.  For 
discussion  see  text.  This  record  has  been  retouched. 

Fig.  2  -  Typical  electrical  activity  *n  response  to  adrenaline.  Upper  trace  is 
tension.  Continuous  record. 

Fig.  3  -  Electrical  responses  to  various  concentrations  of  adrenaline  plotted  against 
time.  The  upper  graph  shows  that  the  membrane  depolarizes  more  rapidly  at 
higher  adrenaline  concentrations  towards  a  level  of  about  20  mV.  For  the  lower 
panel  the  corresponding  spike  frequencies  have  been  plotted.  It  is  seen  that 
in  the  lower  concentrations,  spike  activity  was  induced  and  continued  through¬ 
out  the  experiment. 

Fig.  4  -  Typical  electrical  responses  to  noradrenal ine  from  a  continuous,  retouched 
record.  Disregard  upper  trace. 

Fig.  5  -  The  "direct"  effect  of  adrenal  I. See  text. 

Fig.  6  -  The  lower  trace  shows  that  10"^  g/ml  isoproterenol  abolishes  spike  activity 
before  detectable  hyperpolarlzation.  The  upper  trace  shows  a  slight  transient 
decrease  In  tension. 

Fig.  7  -  Continuous  record  of  electrical  responses  to  10“^  g/ml  acetylcholine. 

Upper  trace  Is  tension.  This  record  has  been  retouched. 

Fig.  8  -  Upper  graph  is  a  plot  of  membrane  potential  against  time  and  shows  that  •  • 

acetylcholine  depolarizes  the  membrane  to  40-45  mV  somet  imes  after  a  brief 
initial  period  of  hyperpolarization.  Lower  graph  shows  the  effect  of  acetyl¬ 
choline  on  spike  frequency.  Note  that  values  given  at  time  zero  are  spike 
frequencies  within  bursts  of  activity  and  that  solid  line  indicate  continuous, 
repet i t ive  activity. 

Fig.  9  -  Continuous  record  of  tie  effects  of  10"^  g/ml  acetylcholine  on  a  prepara¬ 
tion  which  has  been  depolarized  by  5  times  normal  concentrat Ion  of  potassium 
to  about  35  mV.  A  slight  repoiarizat Ion  (here  6  mV)  associated  with  increased 
spike  activity  occurs.  Upper  trace  is  a  tension  record  which  was  repositioned 
at  the  time  of  acetylcholine  application  r‘  :  record  has  been  retouched. 


10  -  Shows  a  plot  of  the  changes  in  membrane  potential  in  five  representative 
experiments  on  the  effect  of  acetylcholine  at  two  concentrations  of  K0,  sug¬ 
gesting  an  equilibrium  potential  of  about  40  mV. 
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EFFECTS  Oc  2-^-0 If.' 1TR0PHEH0L  0!:  THE  ELECTRICAL  AHD  MECHANICAL  ACTIVITY  OF  VA$CUL>r 
SMOOTH  MUSCLE.  Mlnavorl  Kumamoto*  and  Leif  Horn.  W.J.  Col.  Med.  &  Dent.,  Jersey 
City,  N.J.  G73Ch. 

Vfith  Intracellular  techniques  in  vitro  we  have  studied  affects  of  2-A-dinitroph- 
enol  (DNP)  ( 1 0"**“5 *  I 0"3h)  on  electrical  and  mechanical  activities  of  muscle  from 
guinea  pigs  superior  mesenteric  vein,  initially  phasic  contractions  decreased  in 
duration  and  amplitude  and  increased  in  frequency  in  all  experiments.  La<  concen¬ 
trations  of  DHF  induce  depolarization  to  about  -40  mV  and  repetitive  firing  of  slngli 
action  potentials  with  decreased  amplitude.  At  higher  concentrations  the  electrical 
activity  ceases  before  any  detectable  change  in  the  resting  potential.  At  the 
highest  concentrat ion  of  OHP  the  spike  activity  ceases  more  rapidly  and  after  sub¬ 
sequent  depolarization  tc  about  -4-0mV  the  membrane  exhibits  a  characteristic  electro 
kinetic  phenomenon  resembling  ’•epetitive  abortive-  spikes  which  do  not  trigger  any 
detectable  contractile  activity.  !r,  all  experiments  electrical  and  mechanical 
changes  caused  by  DNP  were  reversible.  The  peculiar  bistable  flip-flop  electro¬ 
kinetics  of  the  membrane  at  -^0  mV  and  tne  cessation  of  activity  prior  to  depolari¬ 
zation  suggest  a  direct  effect  of  DMP  or  voltage  dependent  changes  In  specific 
luctances  ar.d  is  presently  under  investigation  with  voltage  clan-p  techniques. 
(Supported  by  Cortract  DA3A  17-6S-C-3058  with  the  U.S.  Ar., ry  Research  and  Development 
Command. ) 
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W  uh  intracellular  technique^  1/2  r:/ro  v.c  have  studied  cllccS  of  2-4-dinuiopln:nol 
i  l>\Pi  1 10  1  lo  5  10  !  A/ » on  ekx ; r ical  anJ  mechanical  activities  of  music  from 

guinea  pigs  superior  mesenteric  vein.  Initially  phasic  electrical  and  mechanical 
activity  decreased  in  duration  and  amplitude  and  increased  :n  frequency  in  all 
e\permien;%.  I.ou  concentrations  ot  |)\i’  subsequently  induce  depolarization  to 
about  40  n»\  and  repetitive  tiring  of  single  action  potentials  with  decreased  ampli¬ 
tude.  \t  tMgiscr  concentrations  the  clcc'ncal  act»vn>  ceases  before  detectable 
change  m  trie  resting  potential.  \t  the  h  ghost  concentration  ot‘  ONI*  the  spike 
a^tiv it>  ceases  more  rapidly .  and.  after  subsequent  depolarization  to  about  40  mV. 
tin:  membrane  exhibits  a  characteristic  eleciroktnclic  phenomenon  resembling 
repetitive  abortive  'piko  which  do  no;  trigger  any  detectable  contractile  acti\U>. 
In ..!( experiments  electrical  and  mechanical  changes  caused  by  DNP  were  reversible. 

I  he  pec  u  !..*  i  bistable  !hp-llop  elect  r  ok  met  ics  of  the  membrane  at  40  mV  and  the 
cessation  of  activity  prior  to-  depolarization  suggest  a  direct  etVcct  of  ONI*  on 
voltage  dependent  changes  in  specitic  conductances. 


IMRODl  CTION 

C.'ntr.'l  of  i,v.:l  blood  flow  is  .■fleeted  through  graded  changes  in  the  diameter  of  the 
peripherai  blo.*d  vcssek  and  a  more  or  Its--  complete  opening  or  closure  of  the  precapil¬ 
lary  sphinelers.  Such  physiological  regulation  <>!’  local  blood  flow  is  believ  d  tv'  be 
related  to  ionic  and  metabolic  interrelations  of  the  vu.culur  smooth  muscle  and 
parenchyma!  tissues.  Since  lunak:  first  reported  intreeellulai  electrical  recordings 
front  bl.'i-d  vessels  in  1 95s.  a  number  of  papers  have  dealt  with  the  electrophvsio- 
logieal  aspects  of  vascular  smooth  muscle  (Morn.  19~0l.  The  normal  spontaneous 
electrical  activity,  effects  of  catecholamines  and  acetylcholine  tNakajima  and  Horn 
I Horn.  Kumamoto,  and  Nakajinta.  1970).  anil  the  effect'  of  potassium  ion 
( Kumamotoand  Niu.  19M»:on  the  smooth  muscle. 'll  he  guinea  pig's  superior  mesenteric 
vein  have  been  described  in  detail.  However,  little  is  known  about  how  metabolism 
affects  and  regulate'  the  responsiveness  •'!  v  aseular  smooth  muscle  although  inferences 
have  been  made  from  effects  of  metabolic  poisons  on  other  smooth  muscle.  In  current 
experiment',  utilizing  intracellular  teehni.|ues  in  • iirn .  we  have  studied  effects  of  a 

\  preliminary  upo«:  ,’R  this  study  was  presented  a?  the  Annual  Meeting  id'  the  lederation  of 
American  Si  vie:  us  for  1  xpcrimcnia!  Hiology  in  Atlantic  C  ity.  New  Jersey  on  April  13  IS.  1969. 

:  !  iii"  work  was  supported  b>  Contract  DAP  \  P-6S-C  sOfs  with  ihc  l  S.  Army  Medical  Research 
and  Development  t  ommand. 

Dr.  Kumamoto’s  present  address  is  Department  of  I  ihera!  Arts.  Kyoto  l  niversiiy.  Kyoto.  Japan. 
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common  Is  used  metabolic  inhibitor,  or  uncoupler.  2:4-Dinitrophcnol  (DNP).  on  the 
electrical  and  the  mechanical  activities  of  the  longitudinal  smooth  muscle  of  the  guinea 
pig's  superior  mesenteric  vein.  Our  results  indicate  that  DNP  has  additional  physico¬ 
chemical  effects  on  the  vascular  smooth  muscle  membrane  that  may  completely  over¬ 
shadow  the  metabolic  effects. 


METHODS 

The  superior  mesenteric  vein  of  the  guinea  pig  was  used  in  all  experiments.  Isolated 
longitudinal  strips.  5  mm  long  and  1.5  mm  wide,  were  mounted  in  an  organ  hath  <  f4  ml. 
Adipose  tissues  and  the  adventitia  were  carefully  removed  under  a  dissecting  micro¬ 
scope.  Microclectrodcs  with  a  resistance  of  30  to  40  megohms  were  inserted  into  the 
longitudinal  smooth  muscle  layei  from  the  outside  of  the  vein  by  the  floating  method 
(Woodbury  and  Brady.  1956).  The  isometric  tension  of  the  strip  was  recorded  with  a 
meehanoelcctric  transducer  (RCA  5734). 

The  modified  Krebs  solution  used  in  the  experiments  contained  (in  mMi  NaC'l  133: 
NaHCO;  16.3:  NaH,P04  1.38:  KCI  4.7:  CaCK  2.5:  MgCI,  0.105.  and  dextrose  7.8 
(Keatinge.  1964)  and  was  aerated  with  95  0:  -  5",.  CO:.  T  he  solution  flowed 

continuously  at  the  rate  of  8-10  ml  min  and  at  a  constant  temperature  of  37  . 

RESULTS 

DNP  was  administered  in  concentrations  of  10  4  .)/.  5  10  4  M.  and  5  10  5  A/ 

to  spontaneously  active  preparations  with  a  resting  potential  of -50  to  60  mV. 

The  preparations,  which  were  observed  under  microscope  during  the  experiments, 
exhibited  somewhat  arrhy  thmic,  spontaneous  contractions  in  the  control  period.  After 
the  application  of  DNP.  the  number  of  apparent  pacemaker  sites  increased,  w  ith  smaPer 
clones  of  fibres  contracting  regularly  but  asy  nchronously  at  a  greater  frequency  than 
the  intrinsic  rale  during  the  control  periods. 

Typical  results  obtained  are  shown  in  Figs.  I.  2.  and  3  and  summarized  in  Fig.  4. 
Changes  in  electrical  activity  and  tension  occurred  within  a  minute  following  drug 
application.  The  phasic  contractions  decreased  in  duration  and  amplitude  and  increased 
in  frequency  during  initial  phase  of  al!  experiments. 

In  Fig.  I.  with  low  concentration  of  DNP.  (10  4  3/).  complete  relaxation  is  not 
obtained:  the  spike  bursts  associated  with  phasic  concentration  increase  in  frequency 
bn.  decrease  in  duration:  the  spikes  decrease  in  amplitude,  and  the  pattern  changes 
into  one  of  repetitive  firing  of  single  action  potentials  while  the  membrane  is  depolarizing 
to  about  40  mV.  There  is  a  further  tendency  for  the  single  action  potentials,  each 
accompanied  by  one  phasic  contraction,  to  increase  in  frequency.  The  frequency 
continues  to  increase  for  several  minutes  after  drug  application.  Throughout  the 
repetitive  firing  phase,  the  spike  amplitude  remained  al  about  two-thirds  of  its  normal 
value. 

In  Fig.  2.  with  5  10  4  M  DNP.  the  spike  acti\  ity  ceases  within  2  min  after  applica¬ 

tion  of  the  drug  and  the  membrane  depolarizes  to  about  45  mV.  Although  slow  fluctua¬ 
tions  may  occur  between  -45  and  50  mV.  there  is  no  marked  change  in  membrane 
potential  within  another  10  min.  Also  al  this  concentration,  before  cessation  of  activity, 
the  spike  amplitude  declined  to  about  two-thirds  of  no  mu  I  value. 


In  a  still  higher  concentration  of  DNP  (5  ■  10  ’  .V/).  the  spike  activity  ceases  more 
rapidly  than  the  case  of  5  ■  10  4  M  DNP.  After  spike  cessation  at  a  membrane  potential 
of  approximately  54  mV  in  the  illustrated  case,  the  membrane  may  remain  at  the  same 
potential  for  a  considerable  length  of  time,  as  is  shown  in  Fig.  3.  or  exhibit  slow  fluctua¬ 
tions  before  it  depolarizes  to  about  -  40  mV  and  exhibits  a  characteristic  electrokinetic 
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phenomenon  resembling  "abortive  spikes.'  These  oscillatory  eleetrieal  changes  did  not 
trigger  any  detectable  contractile  activity.  At  this  high  eoneenfation  of  DNP  in  some 
experiments,  the  membrane  went  through  a  slight  depolarization  and  a  repolari/ation 
to  initial  level  just  after  the  spike  cessation,  however,  these  changes  were  always  followed 
by  a  more  marked  depolarization  (to  about  40 mV)  which  led  into  oscillationswithout 
exception. 

In  all  experiments,  both  electrical  and  mechanical  changes  caused  bv  DNP  were 
almost  completely  reversible. 


DISCISSION 

It  is  well  known  that,  in  the  smooth  muscle  of  the  guinea  pig's  taenia  coli.  DNPexerts 
a  diphasic  action  in  terms  of  an  initial  excitation  and  a  secondary  inhibition  (Born  and 
Biilbring.  1955;  Bulbringand  Lullmann.  1957:  Burnstock.  1958).  In  this  vascular  muscle, 
such  a  remarkable  excitatory  phase  as  that  occurring  in  the  taenia  coli  was  not  observed 
at  any  of  the  employed  concentrations  of  DNP.  However,  in  a  concentration  of  10  4  SI 
DNP.  after  the  initial  changes  in  both  electrical  and  mechanical  activity,  the  spike 
frequency  gradually  increased  as  did  the  frequency  of  the  small,  transient  increase  in 
muscle  tension  accompanying  each  spike.  The  resting  tens'on  did  not  decline,  but  the 
maximal  tension  decreased  for  reasons  that  probably  elate  to  asynchronization 
(fibrillation)  of  the  preparation  and  to  changes  in  its  electr  cal  properties. 

Since  the  diphasic  action  of  DNP  on  oxygen  consumptio  i  (Born  and  Biilbring.  1955) 
and  on  spike  discharge  (Biilbring  and  Lullmann.  195?)was  associated  with  an  initial  fall 
and  then  later  an  increase  in  the  membrane  potential,  the  effects  of  DNP  on  the  smooth 
muscle  of  the  guinea  pig’s  taenia  coli  have  been  discussed  from  the  point  of  view  that 
the  drug  is  just  a  metabolic  inhibitor. 

In  our  experiments  with  low  concentrations  of  DNP  ( '0  4  SI).  the  initial  changes  in 
electrical  activity  as  shown  in  Fig.  I  are  somewhat  similar  to  those  reported  for  the 
taenia  coli.  At  this  low  concentration  of  DNP.  the  initial  changes  in  both  electrical  and 
mechanical  activity  might  be  explained  by  the  metabolic  effects  of  the  drug,  as  implicated 
in  the  studies  of  the  guinea  pig's  taenia  coli  (Born  and  Biilbring.  1955;  Biilbring  and 
Lullmann.  1957;  Burnstock.  1958).  Thiscouid  indicate  that  the  DNP  reduces  the  ATP 
content  and  the  oxygen  consumption  in  the  early  phase  and  that  the  decrease  in  ATP 
content  suffices  to  inhibit  contractile  activity  in  the  taenia  coli  (Born.  1955). 

However,  in  Fig.  2.  with  5  10  4  SI  DNP.  the  cessation  of  spike  activity  is  associated 

w  ith  a  less  marked  change  in  the  membrane  potential  than  that  at  the  iower  concentra¬ 
tions.  Even  more  striking,  in  the  highest  concentration  of  DNP  (5  10  1  SI),  the  spike 

cessation  occurs  practically  without  any  change  in  the  membrane  potential,  and  then  the 
membrane  potential  gradually  falls  and  goes  into  oscillation  as  shown  in  Fig.  3  and 
further  illustrated  in  Fig.  4.  Furthermore,  as  men.ioned  above,  in  some  of  our  experi¬ 
ments  with  this  concentration  of  DNP  a  transient  repolarization  occurred,  occasionally 
almost  to  the  normal  resting  lev  ei  but  always  without  the  reinitiation  of  spike  activity. 
Such  fluctuations  were  always  followed  by  the  more  marked  depolarization  that  led 
into  the  peculiar  bistable  flip-flop  electrokinetics  of  the  membrane  around  40  mV. 
Nonetheless,  these  changes  suggest  the  possibility  that  the  DNP.  apart  from  its  metabolic 
action,  has  additional  effects  on  the  ion  permeability  of  the  cell  membrane. 
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DSP  I04U.»IAPI.Q|UP]  —  EllCTRuIaLLY  ACTrVE 

DNP  SX1O4  M.4(API.A(MP>  OSCILLATION 

DNPSXtO'-’u.AIAPl.OlMPt  -  ELECTRICALLY  SILENT 

Hu;.  4.  Changes  in  electrical  activity  as  a  function  of  time  at  the  three  concentrations  of  DNP.  Upper 
traces  with  tilled  in  symbols  show  the  peak  values  of  the  action  potentials  and  lower  traces  w  ith  open 
symbols  show  the  resting  membrane  potentials.  Therefore,  ihe  distances  between  these  traces  represent 
the  amplitude  of  the  action  potentials. 

In  the  highest  concentrations  of  DNP  5  10  1  M  (•-  ).  the  spike  cessation  occurred  without  any 

change  in  the  membrane  Potential,  in  the  concentration  of  5  •  10  4  A 1  DNP  (A-  ),  the  cessation  of 
spike  ac'ivjty  is  accompanied  by  a  slight  depolarization  at  a  membrane  potential  of  46  mV  which 
normally  would  maintain  activity.  The  arrows  at  Ws  indicate  washing  in  Krebs  solution 


In  the  frog's  skeletal  muscle.  Koketsu  el  at.  (1964)  indicated  that  an  initial  rapid 
depolarization  caused  by  DNP  was  closely  related  to  an  estimated  increase  in  the  intra¬ 
cellular  Cl  -concentration  (DNP  left  potassium  permeability  essentially  unaffected 
and  increased  both  Na '  and  Cl  permeability  durirg  the  first  30  minutes).  Hopfer  et  al. 
(1968).  concluded  from  experiments  with  artificial  phospholipid  bilayer  membranes 
that  uncoupling  agents  such  as  DNP  increase  the  specific  conductance  of  such  model 
membranes  by  facilitating  transport  of  H  or  OH  (or  both)  across  the  membrane. 
Since  DNP  is  lipid  soluble,  it  is  conceivable  that  DNP  could  alter  the  physicochemical 
properties  by  direct  interaction  with  lipoprotein  aiso  in  the  vascular  smooth  muscle 
membrane. 

Although  the  secondary  marked  depolarization  observed  at  high  concentrations  of 
DNP  (5  10  1  M )  could  be  caused  by  the  inhibition  of  the  sodium  pump  and  the 

subsequent  rise  in  the  membrane  potential  might  be  a  consequence  of  increased 
metabolic  aetivi.y.  too  little  is  known  about  the  permse'ectivity  of  the  vascular  smooth 
muscle  membrane  to  warrant  any  detailed  discussion  -u  the  present  time. 

It  appears  obvious,  however,  tha'  whatever  reasons  for  ti.e  depolarization  and  sub¬ 
sequent  repolarization,  the  eiectiokinetic  behavior  around  -40  mV  in  high  concentra¬ 
tions  of  DNP  indicates  quite  clearly  a  fundamental  change  in  the  membrane  properties. 
The  abortive  spikes,  which  have  a  maximal  amplitude  of  less  than  20  mV.  the  initial 
fall  in  spike  amplitude,  and  the  apparent  conduction  impairment  indicate  a  direct 
effect  of  DNP  on  voltage  dependent  changes  in  specific  conductances. 
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Dining  the  initial  increase  in  electrical  act i\ its  in  vascular  muscle  at  low  DNI*- 
concciitralHins  there  was  no  preceding  depolarization.  indicating  that  DNI*  vines  not 
here  tilled  the  overall  resting  permeability  of  the  niembrane.  Rather.  DM*  affects  ;i 
conductance,  normally  subject  to  slow  inactivation  a  net  important  lor  the  frequency 
and  durttiion  ol'the  burst  of  spikes,  i.e..  more  specifically  the  plateau  or  slow  component 
r:om  which  spikes  arise. 

If  one  may  assume  that  DNI*  predominantly  exhibits  physicochemical  effects  in  the 
initial  phase  (spike  frequency )  and  that  then  gradually  the  metabolic  ellects  (depolari/a- 
lion-repolarization)  manifest  themselves  in  smooth  muscle,  then  the  difference  between 
the  observed  phenomena  in  the  vascular  muscle  and  those  in  the  taenia  eoli  could  he 
attributed  to  the  relative  susceptibility  to  physicochemical  and  metabolic  ellects 
mediated  by  DNP  in  the  two  tissues. 
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Reprinted  from  Proc.  of  the  XVII  Annual  Meeting  of  the  Microcirc.  Soc.  1963. 

DOES  CALCIUM  CARRY  THE  EARLY  TRANSIENT  CURRENT  OF  THE  ACTION  POTENTIAL  IN  VASCULAR 
SMOOTH  MUSCLE?  Leif  Horn  and  Mlnayori  Kumamoto.  N.J.  Col.  Med.  &  Dent.,  Jersey 
City,  N.J.  07304. 

The  electrokinetics  of  vascular  smooth  msucle  is  similar  to  that  of  other  spontan¬ 
eously  active  smooth  muscle  and  we  have  assumed  that  the  ionic  mechanisms  underlying 
the  electrical  behavior  are  those  proposed  by  Hocgkin  and  Huxley.  However,  our 
latest  experiments  have  resulted  in  a  significant  observation  that  tetrodotoxin 
(TTX)  which  specifically  blocks  the  voltage  dependent  changes  in  sodium  permeability 
in  nerve  and  skeletal  muscle,  has  no  effect  on  the  action  potential  or  impulse  prop¬ 
agation  in  our  preparation,  whereas  blocking  of  the  calcium  permeability  with  man¬ 
ganese  renders  the  preparation  inexcitable.  Analogous  experiments  with  TTX  and 
Mn'l'+  on  visceral  muscle  and  on  cardiac  muscle  have  prompted  other  investigators  to 
conclude  that  Ca'!":'  and  not  !'a+  is  the  current  carrying  ion  during  the  upstroke  of 
the  action  potential,  essentially  disqualifying  the  Hodgk in-Huxley  hypothesis  for 
those  tissues.  Voltage  clamping  experiment"  in  effort  to  assess  whether  calcium  is 
directly  involved  are  In  progress.  (Supported  by  contract  DADA  17-68-C-8058  with 
the  U.S.  Army  Research  and  Development  Command.) 
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Voltage  Clamping  of  Smooth  Muscle  from  Taenia  Co!i 


Minayoki  Kumamoto-'  and  I. hi  Horn 

New  Jersey  College  of  Medicine  and  Dentistry . 
Newark  and  Jersey  City,  New  Jersey 


Heeeired  i  chiller  211  IVM 

INTRODUCTION 

In  a  current  paper  (Horn.  Kumamoto,  and  Nakujiina.  1970).  we  reviewed  experi¬ 
ments  on  vascular  smooth  muscle  utilizing  intracellular  recording  of  electrical  activity 
and  alluded  to  possible  differences  between  the  ionic  mechanisms  of  this  muscle  mem¬ 
brane  and  those  of  skeletal  muscle  and  squid  giant  axon  (Hodgkin  and  Huxley.  1952 
a  d).  Our  reasons  for  questioning  the  applicability  of  the  sodium  hypothesis  to  our 
preparation,  the  superior  mesenteric  vein  of  the  guinea  pig.  are  that  Tetrodotoxin 
(TTX)  in  concentrations  of  100  times  that  required  to  inhibit  excitability  in  skeletal 
muscle  (Kuriyama.  Osa.  and  Toida.  1966)  and  nerve  (Narahashi.  Moore,  and  Scott. 
1964)  has  no  apparent  effect  on  spontaneous  or  evoked  electrical  activity  (Kumamoto 
and  Niu.  1966:  Horn  and  Kumamoto.  1969:  Kumamoto  and  Horn.  1969);  and  that 
Mn2  known  for  its  inhibition  of  Ca2  permeability  (Hagivvara  and  Nakajima.  1965) 
renders  our  muscle  preparation  inexcitable  (Kumamoto  and  Horn.  1969).  Analogous 
results  have  been  obtained  in  taenia  coli  of  the  guinea  pig  by  Kuriyama.  Osa.  and  Toida 
(1966).  Nonomura.  Hotta.  and  Ohushi  (1966).  and  Hotla  and  Nonomura  (1968). 
supporting  the  hypothesis  that  Cm2  is  a  current  carrying  ion  during  the  upstroke  of  the 
action  potential.  Other  experiments  by  the  same  investigators  with  graded  changes  in 
Na  o-  tu'd  with  Ca2  -free  solutions  (see  also  Holman.  1957.  1958:  Bulbring  and 
Kuriyama.  1963).  essentially  corroborate  this  contention. 

For  these  reasons,  we  were  imerested  in  examining  the  changes  in  the  transient  early 
current  by  voltage  clamping  techniques  in  the  presence  of  TTX  and  Mn2 '  and  in  the 
absence  of  Ca2  . 

Our  main  interest  is  vascular  smooth  muscle,  but  as  has  been  pointed  out  before 
(Nakajima  and  Horn.  1967).  the  cell-to-vell  conduction  of  strips  from  the  superior 
mesenteric  vein  of  the  guinea  pig  is  relatively  poor,  and  thus  the  success  rate  of  experi¬ 
ments  with  this  preparation  utilizing  the  double  sucrose-gap  voltage  clamp  technique 
described  here  is  quite  low. 

Since  the  essential  features  of  the  vascular  smooth  muscle  which  we  wanted  to  investi¬ 
gate  are  the  same  in  taenia  coli.  practical  considerations  dictated  that  we  use  this  latter 

1  A  preliminary  report  ol'tlii  paper  lias  been  given  at  the  I  all  meeting  of  the  American  Physiological 
Society,  l%9.  (Kumamoto and  Horn,  1 969). 

•’This  research  was  supported  by  Contract  DADA  I7-7S-C-N05S  unit  the  l  S  At  my  Medical 
Research  and  Development  C  ommand,  a  New  Jersey  Heart  Association  Ci rant  5MM23.  and  by  National 
Science  Foundation  General  Research  Fund  Grant  501822. 

1  Dr.  Kumamoto’s  preserd  address  is  Department  of  l.ibeial  Arts.  Kyoto  l  ni versus ,  Kyoto.  Japan 
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tissue  in  our  experiments  to  be  presented  in  this  communication.  The  data  obtained  on 
our  vascular  muscle  preparation  are  practically  identical  to  those  from  taenia  coli. 

While  this  manuscript  was  in  preparation,  the  first  paper  on  utilization  of  the  double 
sucrose-gap  voltage  clamp  technique  with  uterine  smooth  muscle  was  published  by 
Anderson  (1969).  He  used  estrogen  dominated,  uterine  smooth  muscle  to  facilitate  more 
extensive  intercellular  coupling  and  concluded  from  his  experiments  with  a  Na  -free 
solution  that  the  changes  in  the  transient  current  voltage  relationship,  c.g  .  shifting  the 
reversal  potential  to  a  more  negative  value,  indicate  a  Na  -dependent  excitation 
mechanism. 

Our  voltage  clamp  experiments  show  that  the  inward  current  carrying  median, sni  in 
taenia  coli  is  Ca2  dependent,  inhibited  by  Mn2  ,  and  unalTecled  b;  TTX. 


METHODS 


Preparations  and  Solutions 

The  preparations  used  in  these  experiments  were  freshly  dissected  longitudinal 
muscle  strips  from  the  taenia  coli  of  the  guinea  pig.  about  300 p  wide,  and  about  1 .5  cm 
long,  removed  immediately  after  the  animal  had  been  killed  hv  a  blow  on  the  head. 
The  muscle  strips  were  mounted  in  the  double  sucrose-gap  chamber  and  maintained  at 
approximately  37  .  as  described  below. 

The  normal  Krebs  solution  used  in  all  experiments  is  the  same  as  the  solution  used  by 
Bulbring  and  Kuriyama  (1963)  in  their  taenia  coli  experiments.  It  contained  (m  V/) 
Na  137.4:  K  5.9:  Mg2  1.2:  Ca2  2.5:  Cl  134;  H,P04  1.2:  HCO.r  15.5:  glucose 
1 1.5  and  was  aerated  with  97 0,  +  3“,,  CO,. 

Isotonic  sucrose  solution  (10", ,  w/v)  was  made  up  with  distilled  water,  and  deionized 
to  reduce  the  conductivity  to  less  than  2  pmho/cm.  This  conductivity  gives  a  resistance 
to  the  sucrose  parts  of  more  than  20  Mf2  in  our  chamber  in  the  absence  of  the  muscle 
strip. 

Crystalline  TTX  (Sankyo  Co.,  Toyko)  was  dissolved  in  distilled  water  to  make  up  a 
stock  solution.  This  solution  was  kept  under  refrigeration  and  was  diluted  with  Krebs 
solution  to  obtain  the  desired  concentration,  prior  to  use.  All  preparations  served  as 
their  own  controls. 

The  Double  Sucrose-Gap  Chamber 

The  essential  part  of  the  chamber  used  in  these  experiments  isthesru.il  piece  ot  l.ucite. 
approximately  12  mm  thick,  w  ith  numerous  holes  or  channels  drillcu  in  it.  as  shown  in 
Fig.  1C.  The  diameter  of  the  channels,  and  the  distance  between  them,  vary  depending 
on  the  tissue  to  be  used.  This  central  piece  and  the  two  side  blocks  (Fig.  I A  and  B)are 
oolted  tightly  together 

All  inlets  are  connected  to  reservoir  bottles  via  finely  adjustable  needle  salves  for 
flow  rate  control,  drop  bottles  for  electrical  isolation,  and  a  warming  bath,  for  'empera- 
ture  control.  The  prepared  muscle  .trip  was  mounted  in  the  central  lumen,  as  is  shown 
in  Fig.  2,  which  also  indicates  the  flow  directions  of  the  solutions  as  represented  bs  the 
arrows. 
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A  C  B 


Hci.  I .  Schematic  diagram  of  double  sucrose  gap  chamber:  A.  I  pool  Incite  block,  B.  V  pool  lueite 
block,  C.  Changeable  central  piece,  (Note:  These  three  blocks  are  fitted  tightly  together  with  .our 
screws.)  K.  Inlet  for  Krebs  and  test  solutions.  S.  Inlets  for  sucrose  solution.  I.  Inlets  for  isotonic  potas¬ 
sium  solution.  N.  Node  (see  Eig.  2).  E,  Current  injection  electrode.  E\ .  Potential  recording  electrode. 
CF.  Current  recording  electrode.  RE.  Reference  electrode.  Ov  Outlets  for  solutions.  Oh.  Outlets  to  get 
constant  hydrostatic  outflow  pressure. 


SUCROSE  KREBS  SUCROSE 


Both  ends  of  the  muscle  strip  were  fixed  with  threads  to  keep  appropriate  tension  and 
constant  leng'h.  The  nodal  area,  formed  by  the  critical  surfaces  between  the  Krebs  and 
the  sucrose  solutions,  was  controlled  by  visual  inspection  through  a  microscope  by 
adjusting  the  needle  valves  of  the  respective  solutions.  A  typical  flow  pattern  fi.  shown  in 
fig.  ’.  When  desired,  the  flow  rate  could  be  regulated  by  raising  and  lowering  the 
polyethy  lene  tubings  connected  to  the  outlets  |(),  in  fig.  I ),  thus  changing  the  outflow 
pressure.  I he  width  ol  the  nodal  area  is  less  than  1(H) /i.  and  the  length  of  the  sucrose 
parts  is  about  2  5  mm  in  the  chamber. 
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To  maintain  a  stable  flow  pattern,  it  is  necessary  to  keep  the  hydrostatic  outflow 
pressure  constant.  This  can  be  achieved  by  maintaining  a  constant  head  pressure  of  I  and 
V  pools  (using  0,|  in  Fig,  I )  and  by  eliminating  the  efl'ccts  of  the  drop  separation  at  the 
drop  bottles  and  outlets  (represented  as  Os  in  Fig.  I ),  using  small  pieces  of  sponge  foam 
or  cotton  fibers. 

This  procedure  was  adequate  to  permit  recordings  of  normal  membrane  potentials, 
full  amplitude  action  potentials,  and  voltage  clamping. 

Electric  Circuit 

The  electric  circuit  is  essentially  the  same  as  the  one  used  by  Moore,  Narahashi, 
and  Anderson  at  Duke  University  for  nerves  and  myometrium  and  has  only  been 
modified  slightly  in  our  laboratory  for  taenia  coli  and  vascular  smooth  muscle.  It  is 
schematically  represented  in  Fig.  3. 


Fici.  3.  Equivalent  circuit  diagram.  The  circuit  schematically  slum  n  here  is  generally  the  same  as  one 
developed  by  Julian,  Moore,  and  Goldman  ( l%_>.  The  sucrose  resistance  is  labelled  Rs  and  the  myo- 
plasmic  resistance  Rm,„;  the  other  symbols  have  their  usual  meanings  C  losed  triangles  represent 
elecirodes.  The  current  electrode  is  located  in  the  upstream  and  a  reference  electrode  in  the  downstream 
of  the  central  Krebs  solution  (see  text). 

Low  resistance,  coiled  Ag-AgC'l  electrodes  (less  than  2(H)  Q)  are  inserted  from  the 
bottom  of  each  block,  and  connected  to  I  and  V  pi'ols  and  to  the  upstream  of  the  Krebs 
solution  through  Krebs  agar  bridges.  From  the  downstream  of  the  Krebs  solution,  a 
pointed  Ag  AgCI  electrode,  used  as  a  reference  electrode,  was  inserted  as  close  to  the 
node  as  possible. 

Experimental 

The  theoretical  basis,  operation  of  the  clamping  circuits  and  the  experimental 
limitations  of  voltage  clamping  performed  in  a  double  sucrose-gap  chamber  have  been 
well  described  by  Julian.  Moore,  and  Goldman  ( 1962)  for  nerve  and  by  Anderson  ( 1969) 
lor  smooth  muscle.  Because  our  techniques  are  essentially  similar  to  those  developed  by 
Duke  University  group,  extensive  description  has  been  omitted. 
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Narahashi.  Moore,  and  Scot'  (19(4)  used  a  holding  potential  10  to  30  ntV  hyper- 
polarized  above  the  resting  membrane  potential  in  order  to  remove  possible  in;;  Ovation 
of  the  Na  '-carrying  system.  Although  we  alluded  to  the  possibility  of  a  current  carrying 
system  different  from  the  Na  hypothesis .  the  holding  potential  was  kept  hyperpolarized 
by  !0  to  20  mV  above  the  resting  membrane  potential  in  our  preparation. 

RESULTS 

Constant  Currant  Injection 

The  membrane  potential  response  was  recorded  in  normal  preparations  aft'  i  approxi¬ 
mately  30  min  incubation,  during  external  stimulation,  with  stepwise  hyperpolari/.ing 
and  depolarizing  constant  current  pulses  of  700  msec  duration.  The  resting  membrane 
potential  of  these  preparations  varied  from  50  to  70  mV. 


60mv 


100  msec 

Lio.  4.  I'ppct  and  lower  traces  represent  the  respective  responses  of  tne  membrane  potential  to 
stepwise  depolarizing  and  hypcrpolari/ing  constant  current  pulses. 

Hyperpolari/ing  pulses  give  a  family  of  voltage  tracings  with  typical  exponential 
time  course,  characteristic  of  electrotonic  potentials  in  these  multifiber  preparation 
(big.  4).  The  time  constant  (r)  varied  somewhat  fr<-tn  one  preparation  to  another, 
ranging  from  Ml  to  1 20  msec.  The  membrane  revealed  no  anomalous  resistance  changes 
in  the  range  of  hypcrpolari/ation  we  studied.  The  calculated  value  of  the  specific 
membrane  resistance  ranged  from  I  to  It)  KX2  cnr.  Il  should  be  noted,  however,  that 
this  multiliber  preparation  has  a  very  complex  membrane  structure,  and  that  any 
calculation  of  the  actual  nodal  membrane  surface  area  is  only  approximate  and  that  the 
effective  membrane  area  of  the  artificial  node  is  a  matter  of  conjecture.  For  this  reason, 
current  densities  are  not  given  but  rather  the  total  current  across  the  artificial  t.ooe 
membrane 
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Depolarizing  current  pulses  caused  complex  changes  in  membrane  potential.  At  low 
currents,  the  patterns  were  mirror  images  of  the  equivalent  hypcrpolarizing  pulses  with 
identical  initial  exponential  time  courses.  At  higher  currents,  abortive,  delayed  action 
potentials  occurred,  and  as  the  stimulating  current  was  increased  further,  l  ull  amplitude 
(60-70  mV)  action  potentials  could  be  obtained  (Fig.  4).  These  latter  action  potentials 
had  maximum  rates  of  rise  and  fall  of  4.0  and  2.6  V/ sec.  respectively  and  a  half  duration 
of  about  25  msec. 

The  current  strength  required  to  produce  full-size  action  potentials  varied,  not  only 
between  preparations,  but  also  in  consecutive  stimulations.  Occasionally,  abortive 
action  potentials  followed  a  full-size  spike  with  n  the  same  current  pulse. 


Vot.TACiF  Cl.AMl’ING 

Normal  Preparations 

To  assess  the  adequacy  of  the  experimental  conditions,  a  series  of  constant  current 
injections  was  always  carried  out  prior  to  voltage  clamping.  Figure  5  shows  typical 
current  recordings  associated  with  stepwise  voltage  changes  under  clamped  conditions. 
As  a  routine,  three  steps  of  hyperpolarizing  pulses  were  recorded  as  shown  in  the  panels 
to  the  left  of  Fig.  5.  To  estimate  the  leakage  current  for  the  preparation,  the  steady  state 
current  produced  by  these  hyperpolarizing  pulses  were  plotted  with  inverted  polarity 
and  the  leakage  current  estimated  from  the  resulting  linear  function  or  its  extrapolated 
values. 
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The  reasons  for  assuming  that  this  is  a  valid  estimate  of  the  actual  leakage  current 
are  (a)  that  depolarizing  and  hyperpolarizing  command  pulses  of  low  but  equal  magni¬ 
tude  and  oppos.te  polarity  produced  current  curves  that  were  mirror  images  and 
symmetrical  on  both  sides  of  the  holding  potential  and  (b)  that  the  voltage -current 
relationship  was  linear  up  to  60  mV  hyperpolarization  above  the  holding  potential. 
Beyond  this  range  (actual  membrane  potential  more  negative  than  -130  mV)  non¬ 
linear  changes  occurred  that  probably  can  be  ascribed  to  membrane  damage. 

The  current  patterns  produced  by  depolarizing  command  pulses  are  shown  in  the 
remainder  of  the  panels  of  Fig.  5.  The  early  inward  current  cannot  be  easily  recognized 
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Fit;,  ft.  Voltage  current  relation  plotted  from  t  ig.  5.  The  leakage  current,  represented  by  the  broken 
line,  was  extrapolated  from  the  three-steps  leakage  current  measurement  (Inserted  polarity). 


as  in  recordings  from  squid  giant  axon.  However,  when  the  curves  are  corrected  for 
capacitive  and  leakage  currents,  the  early  transient  and  steady  state  currents  appear 
quite  similar  it)  those  of  squid  axon.  T  he  peak  value  of  the  early  transient  current  and 
the  steady  state  current  are  plotted,  alter  correction  for  leakage  current,  in  Fig.  6, 
against  the  clamped  potential.  The  reversal  of  the  transient  current  from  inward  to 
outward  (apparent  equilibrium  potential)  was  at  5  mV,  and  the  peak  inward  current 
occurred  about  4  msec  following  a  40-mV  depolarization. 

Muhiple  pe.  k  transient  currents  as  reported  by  Anderson  ( 1969),  were  not  observed 
m  any  of  our  experiments,  hut  rather  a  graded,  coi  linuous  function  of  the  clamping 
potential 
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Effects  of  TTX 

Six  experiments  with  exposure  of  the  muscle  strip  to  TTX  in  concentrations  of  10  7 
and  10  g/ml  were  carried  out.  A  typical  record  of  the  current-voltage  relationship 
before  and  after  10  min  exposure  to  I0_f>  g/ml  TTX  has  been  plotted  in  Fig.  7.  It  shows 
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that  TTX.  in  concentrations  100  times  that  sufficient  to  completely  inhibit  the  excita¬ 
bility  of  squid  giant  axon  and  skeletal  muscle,  had  no  effect  on  either  the  early  transient 
current  or  the  steady  state  current. 

Effects  of  Mn1 

A  scries  of  six  experiments  were  carried  out  with  MnCI.  (5  10  '  to  5  10  4  M) 

added  to  the  Krebs  solutions.  All  of  these  experiments  show  that  the  early  inward  current 
is  gradually  reduced  with  increasing  duration  of  the  exposure  to  Mn;  .  The  apparent 
equilibrium  potential  gradually  shifted  to  increasingly  more  negative  values.  A  typical 
experiment  is  illustrated  in  Fig.  8.  The  recovery  after  washing  with  normal  Krebs 
solution  of  preparations  that  had  been  exposed  previously  to  Mir  was  usually  in¬ 
complete. 
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Effects  of  Cir  -Free  Solution 

In  three  experiments  with  the  preparations  exposed  to  Ca:  -free  Krebs  solution, 
there  was  a  gradual  reduction  of  the  early  inward  current  w  ith  a  concomitant  shift  of 
the  apparent  equilibrium  potential  toward  more  negative  values.  Eventually,  tie 
inward  current  was  abolished  'n  all  of  these  experiments.  The  absence  of  Ca*  had  little 
or  no  effect  on  the  steady  state  current.  The  experiment  illustrated  in  Fig.  9  is  typical. 

The  current  time  relationship  for  this  series  of  experiments  at  a  clampmg  potential 
of  20  mV  at  which  the  early  inward  current  was  maximal,  before  and  after  15  min 
exposure  to  C'a2  -free  Krebs  solution,  is  illustrated  in  Fig.  10.  The  current  obtained  ir. 
C.  ;r  -free  solutions  was  subtracted  from  the  current  in  control  experiments  to  obtain 
the  current  depending  on  that  ion.  The  lower  panel  is  a  typical  record  from  squid 
giant  axon.  It  should  be  noted  that  the  current  axis  is  in  arbitrary  units  for  the  smooth 
muscle  preparation,  and  that  the  time  base  is  ten  times  that  for  the  squid  axon. 

In  sharp  contrast  to  the  current-time  relationship  of  squid  giant  axon,  the  activation 
curve  for  the  inward  current  carry  ing  system  of  taenia  coli  was  very  slow,  relative  to  the 
rate  of  increase  in  delayed  K  -conductance.  The  two  currents  overlap,  thus  reducing 
the  peak  transient  current  to  only  70  SO",,  i>f  the  inward  ionic  current.  After  correction 
for  K  -ctilux.  the  current  curve  in  Fig.  6  gives  a  true  reversal  potential  for  inward  ion 
flux  of  about  25  mV. 


DISCUSSION 

It  appears  that  the  most  important  factors  for  successful  experimentation  arc  (a)  the 
short  circuit  factor,  i.e..  R ,  R,  the  ratio  of  extracellular  to  cxfaccllular  plus 
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Fici.  y.  FIVccts  of  Ca:'-I'ree  Krebs  solution;  holding  potential  70  mV. 


myoplasmic  resistances  in  the  sucrose  parts  (Stampfli.  1954;  Julian.  Moore,  and  Gold¬ 
man.  1962),  (h)  the  degree  of  synchronization;  and  (cj  the  width  of  the  artificial  node. 

Deionized  sucrose  solutions  with  a  conductivity  of  less  than  2/miho  cm  consistently 
sufficed  for  providing  enot.gh  extracellular  insulation  to  record  resting  membrane 
potentials,  which,  after  correction  for  sucrose  hyperpolarization,  arc  in  the  same  range 
as  those  obtained  with  microelectrode  techniques.  This  indicates  that  the  dimension  of 
our  double  sucrose- gap  chamber,  the  size  of  the  preparation,  and  the  relation  between 
them  are  adequate.  The  maximal  amplitude  of  the  action  potential  was  the  same  as 
recorded  with  intracellular  techniques  and  shows  that  the  width  of  the  artificial  node 
( 100 ;i)  is  small  enough  as  compared  w  ith  the  space  constant  lor  the  preparation  (approx¬ 
imately  1.5  mm)  to  allow  adequate  space  clamp. 

The  half  duration  of  25  msec  and  the  relatively  slow  maximal  rates  of  rise  and  fall  of 
the  action  potential  may  indicate  somewhat  incomplete  synchronization  of  the  effective 
innlal  membrane  area.  It  is  helievcd,  however,  that  when  ihe  nodal  width  is  iess  than 
100  ft.  as  measured  under  the  microscope,  that  at  leas’  the  superficial  tibc'  layers  are 
excited  simultaneously,  as  the  rate  of  rise  of  action  potentials  triggered  h\  super- 
maximal  currents  approached  that  recorded  by  mtiaceliular  electrodes.  Ihe  hat. 
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Fici.  10.  Typical  current-time  relationships  in  smooth  muscle  and  nerve  (see  text). 

duration  of  the  action  potential  and  the  rate  of  fall  both  indicate  that  the  space  clamp, 
although  adequate,  may  not  have  been  complete.  It  is  not  feasible  by  any  direct  method 
to  assess  the  sharpness  of  demarcation  between  the  sucrose  and  Krebs  solutions  in  the 
deeper  liber  layers  in  such  a  narrow  node,  and  as  noted  previously,  it  is  also  difficult  to 
get  an  accurate  measure  of  the  total  membrane  surface  area  in  a  complex  multifiber 
prepaiation. 

However,  the  high  and  scattered  values  for  the  specific  membrane  resistance  may 
indicate,  if  compared  with  those  calculated  by  Kuriyama  and  Tomita  (!%5),  that  a 
variable  number  of  fibers  are  excited  in  the  current  injection  experiments. 

Although  it  does  appear  from  the  voltage  time  changes  in  response  to  constant 
current  injections  that  the  simple  cable  theory  (Hodgkin  and  Rushton,  1946)  is  applic¬ 
able  to  the  preparation,  as  suggested  by  Abe  and  Tomita  (1968).  the  considerations 
above  would  raise  the  question  of  recruitment  and  a  dependence  of  effective  membrane 
area  on  the  clamping  voltage. 

The  results  from  the  voltage  clamping  of  normal  preparations  are  compatible  with 
the  Hodgkm  Huxley  hypothesis,  i.e.,  a  voltage  dependent  increase  in  Na  conductance, 
Na  inactivation,  and  a  delayed  increa  e  in  K  conductance.  'Ve  were  not  able  to  relate 
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the  amplitude  of  the  evoked  action  potential  (varying  from  undershoot  lo  several  mV 
overshoot)  to  the  leakage  current  corrected  reversal  potential  of  the  early  transient 
current. 

It  appears  that  in  taenia  coli,  due  to  the  slow  and  varying  rate  of  activation  of  the 
inward  current  carrying  system,  relative  to  the  rate  of  increase  in  delayed  K  con¬ 
ductance,  the  net  inward  current  varies  and  thus  accounts  for  the  varying  amplitude  of 
and  rate  of  change  of  the  membrane  potential,  i.c„  little  or  no  overshoot,  abortive 
spikes,  and  slow  fluctuations  of  the  membrane  which  are  the  common  features  of  the 
electrical  activity  of  this  muscle.  It  is.  therefore,  important  to  distinguish  between  the 
reversal  potential  for  the  net  current  flow  (capaci'ance  and  leakage  corrected)  corre¬ 
sponding  to  the  action  potential  amplitude  measured  by  intracellular  recording  tech¬ 
niques,  and  the  true  reversal  potential  for  the  inward  ionic  current,  i.e.,  the  equilibrium 
potential  for  inward  current  carrying  system.  In  squid  axon,  the  time  course  for  activa¬ 
tion  of  the  Na  conductance  and  the  increase  in  K  conductance  are  separated  suf¬ 
ficiently  so  that  the  reversal  potential  is  practically  identical  to  the  true  equilibrium 
potential.  In  taenia  coli,  the  true  equilibrium  potential  is  obscured  due  to  the  overlap  in 
time  of  the  activation  curves  for  inward  and  outward  ion  fluxes,  as  stated  above.  The 
calculated  value  of  25  mV,  based  on  the  experiment  illustrated  in  Figs.  5  and  6.  is  close 
to  the  equilibrium  potential  for  sodium  as  calculated  bv  Goodford  and  Hermansen 
(1961). 

As  might  be  predicted  from  earlier  studies  with  microelectrodes.  TJX  had  no  effect 
on  the  early  transient  and  the  stead'-  s',  currents.  The  fact  that  TTX  specifically 
inhibits  the  voltage-dependent  early  transient  conductance  of  membranes,  normally 
employing  a  Na  mechanism  for  excitation,  is  v  ell  established  (Moore  and  Narahashi. 
1967).  Therefore,  the  persistence  of  unaffected  eeHy  transient  conductance  changes  of 
taenia  coli  in  the  pre>ence  of  Ilk)  limes  the  concern  ration  required  to  completely  inhibit 
excitability  in  skeletal  muscle (Kuriyama.  Osa.  and  Toida,  1966)and  nerve  (Narahashi. 
Moore,  and  Scott,  1964)  must  be  interpreted  to  mean  that  the  mechanisms  are 
different. 

Nonetheless,  nerves  from  puffertish  and  newts  are  resistant  to  TTX.  despite  using  a 
sodium  mechanism  for  excitation  (Moore  and  Narahashi,  1 967).  and  this  therefore  tends 
to  minimize  the  significance  of  this  series  of  experiments  with  the  toxin.  Although 
ideologic,  it  may  be  noted  that  most  investigators  attribute  the  TTX  insensitivity  of 
the  above  species  to  the  development  of  self-protective  mechanisms  against  their  own 
toxin,  and  that  there  ate  no  reasons  why  such  mechanisms  should  exist  in  the  guinea 
pig.  Furthermore,  in  T TX-insensitive.  estrogen  dominated,  uterine  smooth  muscle,  as 
recently  shown  by  Anderson  (1969),  the  early  transient  current  is  affected  by  the  Na 
gradient  during  the  first  11.5  min  in  Na  -free  solution.  This  was  interpreted  bv  Anderson 
to  indicate  a  Na  mechanism.  The  elusiveness  of  such  a  conclusion  becomes  apparent, 
however,  considering  the  fact  that  smooth  muscle,  when  transferred  from  a  higher  to  a 
lower  concent  ration  of  sodium,  goes  through  a  period  of  lower  or  complete  inhibition  of 
excitability.  The  duration  of  the  incxcitable  period  depends  upon  the  tvpe  of  smooth 
muscle  used.  For  uterine  smooth  muscle  and  taenia  coli  the  incxcitable  period  usually 
has  an  onset  after  2  -5  min  in  Na  -free  solutions  and  lasts  from  a  few  minutes  up  to  10 
min.  Thus,  Niu.  Nakajima,  and  Kumamoto  (1962)  were  able  to  record  spontaneous 
electrical  activity  in  the  pregnant  uterus  of  the  guinea  pig  after  25  min  in  Na  -free 
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solution  and  Bulbring  and  Kuriyama  ( I  %3)  recorded  action  potentials  with  overshoots 
“for  at  least  20-30  minutes  "  in  the  absence  of  Na'.  Holta  and  Nonotnura  (1968) 
recorded  action  potentials  after  2  hr  of  Na  depletion.  For  other  discussion  on  electrical 
activity  in  Na  -free  solutions,  see  Holman  (1 958).  Daniel  and  Singh  ( 1 958)  and  K  uriyama 
(1963). 

With  regard  to  the  series  ol  experiments  with  Mn2  ’ ,  it  has  been  shown  conclusively, 
as  mentioned  before,  that  Mil2  inhibits C'a2  permeability  in  taenia coli.  More  recently, 
it  has  been  found  that  in  cardiac  libers  (Harrington  and  Johnson.  1969,  personal 
communication)  transition  metals  will  inhibit  both  the  Ctr"  permeability  and  the 
voltage-dependent  Na  conductance,  thus  throwing  some  doubts  as  to  the  specificity 
of  its  action  in  smooth  muscle  from  taenia  coli.  The  rapid  and  progressive  reduction  in 
early  transient  current  in  the  presence  of  Mn2  must,  for  lack  of  other  evidence,  at 
present  be  attributed  to  its  inhibition  of  Ca2 "  permeability.  It  is  surprising 'hat  we  could 
demonstrate  no  ell’ect  of  the  ion  on  the  steady  state  current,  since  heavy  metals  may  be 
expected  to  cause  considerable  physicochemical  changes  of  the  membrane,  and  that 
washing  with  normal  ICiebs  solution  diu  not  bring  about  complete  recovery. 

The  complete  suppression  of  the  early  transient  current  in  Ca2  -free  Krebs  solution 
must  be  interpreted  to  mean  that  excitation  in  taenia  coli  occurs  by  a  Ca2  -dependent 
mechanism. 

What  the  mode  of  this  mechanism  is.  and  whether  Ca2  is  actually  a  current  carrying 
ion  during  the  upstroke  of  the  action  potential,  can  only  be  speculated.  Considering 
the  available  evidence  only,  the  normal  mechanism  of  excitation  must  be  obligate 
Ca2  dependent  but  nonspecific  in  terms  of  current  carriers:  in  other  words,  the  voltage- 
dependent  gates  are  not  specific  for  Na  . 
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Reprinted  from  MICROC IRCULATORY  SOCIETY,  1 8th  Annual  Meeting,  Atlantic  City,  N.J. 

April  11-12,  1970.  Mlcrovascular  Res.  Vol.  2,  Mo.  2,  1970,  p  2. 

THE  ELECTRICAL  BEHAVIOR  OF  VASCULAR  SMOOTH  MUSCLE.  L.  Horn,  A.  Nakaj »ma  and  M. 

Kumamoto.  M.J.  Col.  Med.  &  Dent.,  Newark,  N.J,  and  Kyoto  Unlv.,  Kyoto,  Japan. 

The  patterns  of  normal  spontaneous  and  drug-induced  electrical  activity  of  the 
longitudinal  muscle  fibers  of  the  superior  mesenteric  vein  and  smooth  muscle  from 
taenia  coll  of  the  guinea  pig  have  already  been  described  In  considerable  detail. 

(See  Horn,  Kumamoto,  and  Nakaj Ima,  Mlcrovascular  Research,  In  press.)  The  present 
communication  attempts  to  explain  the  characteristic  features  seen  with  Intracellu¬ 
lar  microelectrodes  .n  terms  of  relative  rates  of  activation  of  specific  conductances, 
based  on  anaH^sis  of  data  obtained  by  double  sucrose  gap  voltage  clamping  techniques. 

Essentially  the  analysis  shows  that  the  primary  reason  for  the  relatively  slow  rate 
of  rise  of  the  action  potential,  usual  lack  of  overshoot,  apparent  graded  responses,  f 

and  abortive  spikes  Is  a  slow  and  variable  rate  of  activation  of  the  Inward  current 
carrying  system,  apparently  dependent  on  the  prevailing  membrane  potential.  (Support¬ 
ed  by  Contract  DADA=1 7-68-C-8058,  U.S.  Army  Medical  Research  and  Development 
Command,  a  grant  from  the  New  Jersey  Heart  Association,  and  HSF  General  Research 
Fund. ) 
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Reprinted  from  XXV  International  Congress  of  Rhysfologlcal  Sciences,  Munich  1971. 

THE  ROLE  OF  CA44  IN  EXCITATION  OF  VASCULAR  AND  OTHER  SMOOTH  MUSCLE.  L.  Horn,  M. 
Kumamoto  and  A.  Nakajima.  College  of  Medicine  and  Dentistry  of  New  Jersey  at  Newark 
Newark,  New  Jersey  07103  and  Kyoto  University,  Kyoto,  Japan. 

Electrical  properties  of  the  longitudinal  muscle  fibers  from  the  superior 
mesenteric  vein  and  the  taenia  coll  of  the  guinea  pig  has  been  investigated  using 
intracellular  recording,  voltage  clamp,  and  constant  current  injection  technqiues. 
Normal  spontaneous  electrical  activities  and  responses  to  catecholamines  and  acetyl¬ 
choline  (Ach)  are  compared.  The  reversal  potential  of  Ach  in  vascular  muscle  was 
found  to  be  substantially  more  negat've  than  that  for  skeletal  muscle  and  nerve, 
and  somewhat  lower  than  that  of  taenia  coli.  The  effects  of  Tetrodotcxln  (TTX) , 

Mo"1"4  and  graded  changes  In  Ca44-concentration  on  the  two  preparations  are  discussed. 
It  Is  suggested  that  the  excitation  In  both  preparations  Is  obligate  Ca^-dependent, 
inhibited  by  transition  metals  that  Interfere  with  Ca44-permeabi 1 Ity  and  that  it 
Is  unaffected  by  TTX.  (This  work  has  been  supported  by  a  general  research  grant 
fiom  NSF,  a  grant  from  the  New  Jersey  Heart  Association  and  support  from  U.S. -Japan 
Cooperative  Scientific  Program,  Office  of  International  Activities,  i’.S.r.) 
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A  Solid-State  Impulse  Flowmeter' 

I..  Horn-  and  A.  : ' * »si 
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This  paper  describes  a  solid-stale  flowmeter  that  will  record  blood  flows  over  a 
wide  range  tO.I  30  ml  mini.  I  he  flowmeter  is  activated  by  a  photoeleetrie  cell  in  a 
drop  chamber  that  produces  input  impulses  from  the  breaking  ol  a  light  beam  In 
drops  of  blood  tailing  through  the  chamber  which  is  tilled  with  silicone  fluid  I  he 
flowmeter  is  accurate  to  I  ",,  within  a  range  ol  3-fold  changes  in  flow  and  will 
operate  almost  any  laboratory  recordci  or  oscillograph.  Self-checking  circuits  are 
provided  for  making  initial  calibrations  and  tv'  test  performance  during  operation. 
I  he  instrument  is  a\o  equipped  v  it h  a  register  recording  total  flow  over  a  desired 
period  of  time  (total  number  of  drops).  Performance  data  and  advantages  as  used 
in  microcirculatory  studies  have  been  discussed. 


Hemodynamics  requires  as  a  prime  datum  the  rate  of  blood  How  through  the  vessel 
(Lamport.  1965).  Of  the  vtrious  methods  available  only  lew  actually  measure  directly 
volume  per  unit  time.  Although  the  original  Volkmann  flowmeter  (Volkmann.  1850) 
as  modified  and  improved  by  l.udw  ig  ( Dogiel.  I 867) and.  lately.  Dawes  and  eo-vv  tickers 
(1952)  and  the  Pavlov  flowmeter  (1887)  both  are  accurate,  they  are  bulky,  somewhat 
inconvenient,  and  do  not  prov  ide  for  continuous  recording. 

Kolkow  and  co-workers  (1949)  have  over  the  past  two  decades  used  and  refilled  a 
mechanical  ordinate  recorder  similar  to  that  described  by  I  Iciseh  ( 1930).  1  he  I  olkow 
flowmeter  utilizes  a  smoke  drum  kymograph  and  is  activated  by  a  phv'toelectric  drop 
counter.  It  gives  a  »eas.  .table  accurate  measure  of  volume  flow  over  a  wide  range  of 
.tows  and  produces  records  of  the  inverse  of  flow  (peripheral  resistance)  that  arc  most 
appealing  cst helically  (l.indgren  and  l 'vitas.  1954). 

We  have  constructed  a  solid-stale  impulse  flowmeter  that  in  basic  principle  is  similar 
to  the  I  olkow  flowmeter  but  tillers  the  advantage  that  it  can  be  used  with  ptac'icaHy 
any  electronic  recorder  or  oscillograph  and  will  produce  both  the  familiar  ordinate 
records  and  a  singlgline  graph  indicating  the  pcripheial  resistance.  I  he  signal  output 
may  also  be  stored  on  magnetic  tape  for  anal)  sis  later.  I  he  flow  meter  hits  been  m  routine 
use  for  some  time  anil  has  proved  accurate  and  advantageous  m  studying  microcir- 
culatory  changes  in  segments  of  cat  intestine 

I  igure  I  shows  the  basic  circuit  elements  of  the  flowmeter.  I  "it  m.itor  ciicuits  the 
ramp  generator  and  the  totalizer  with  Us  associated  amphlici.  operate  m  all  modes 
In  the  l  Slits  mode,  the  ramp  generator  is  reset  bv  the  occutrencc  ol  each  input  puke, 
but  m  the  Preset  mode,  it  is  reset  only  alter  a  ptedetet mined  nunihci  of  input  ptil-C' 
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Fui.  I .  Basic  circuit  elements  of  flowmeter. 
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have  occurred.  Mach  input  pulse,  of  course,  corresponds  to  a  drop  falling  through  the 
drop  chamber  across  the  path  of  a  light  beam  focused  onto  the  photocell  (see  Fig.  2). 

The  function  of  the  totalizer  is  invariant  it  keeps  a  running  total  of  the  number  of 
drops  that  have  passed  through  the  drop  chamber.  It  may.  however,  be  reset  manually 
•it  any  time. 

In  the  Preset  mode,  the  present  counter  operates  simultaneously  with  the  totalizer, 
counting  backwards  until  it  reaches  zero.  At  this  point,  contacts  in  the  preset  counter 
close  and  a  reset  signal  is  applied  to  the  preset  counter  and  to  the  ramp  generator.  This 
cycle  repeats  as  long  as  there  is  an  input  to  the  device. 

Unless  a  reset  signal  is  applied  to  the  ramp  generator,  it  will  climb  at  a  predetermined 
rate  until  it  reaches  its  maximum  amplitude.  It  will  ‘■♦ay  at  this  maximum  value  until 
reset  and  then  climb  again.  Since  each  drop,  or  preset  number  of  drops,  resets  the  ramp 
and  allows  it  to  immediately  climb  toward  its  maximum  amplitude,  ihe  amplitude  of 
the  ramp  at  the  point  where  it  resets  is  directly  proportional  to  the  time  interval  between 
drops  up  to  the  point  of  maximum  ramp  amplitude.  With  strip-chart  recorders 
operating  at  sufficiently  slow  speeds,  the  envelope  of  the  ramp  tracings  provide  a  graphic 
measurement  of  the  rate  of  drop  flow  . 

The  ramp  signal  may  be  adjusted  for  any  maximum  amplitude  between  zero  and  10V. 
may  be  centered  about  zero  to  permit  use  of  a  recorder  that  operates  in  a  bipolar  fashion 
with  the  pen  normally  at  rest  in  the  center  of  the  tracing,  and  may  be  adjusted  for  any 
time-'o-climb  from  I  to  100  sec. 

It  may  seem  somewhat  inconvenient  to  record  time  between  drops  rather  than  the 
reciprocal  function,  rate  of  flow.  However,  to  record  the  rate  function  directly  with  the 
same  degree  of  accuracy  would  entail  considerably  more  electronic  circuitry  since  the 
input  information  occurs  at  a  relatively  slow  rate  and  is  a  direct  function  of  time.  The 
reciprocal  function  could  be  obtained  only  by  extensive  use  of  computational  logic 
or  by  the  accurately  shaped  hyperbolic  waveform  in  place  of  the  linear  ramp. 

In  its  present  form,  the  flowmeter  i.>  'rouble-free  and  readily  calibrated  over  a  wide 
range  of  flow  rates.  The  base  line  corresponds  to  zero  time  between  drops  or  infinite 
rate  of  flow  However,  it  can  be  offset  effectively  so  that  the  area  of  interest  falls  within 
the  desired  recording  area.  The  maximum  pen  excursion  is  set  by  the  ramp  amplitude. 
Adjustments  of  the  ramp  time  then  sets  the  scale  factor  and  determines  the  lowest 
rate  of  flow  that  can  be  recorded. 

As  an  example,  the  ramp  amplitude  can  be  adjusted  for  a  total  pen  deflection  of  4. 
If  the  ramp  time  were  set  for  4  sec.  the  range  of  recording  would  be  from  15  drops  min 
to  infinity.  The  midscale  value.  2.  would  correspond  to  30  drops  min,  and  the  I  value 
would  correspond  to  60  drops  min.  Similarly,  other  settings  of  ramp  time  would  be 
set  to  '  times  the  value  used  for  Units  operation,  where  /V  is  the  preset  number.  Preset 
operation  offers  greater  convenience  in  obtaining  the  average  rate  of  flow. 

To  aid  recorder  calibration,  two  accurate  calibration  signals  have  been  it  eluded  in 
the  instrument.  25  and  75  pulse  min.  These  correspond  to  2.4  and  0.K  sec  between  drops 
respectively.  Alter  the  ramp  amplitude  and  centering  have  been  adjusted,  the  desired 
calibration  signal  is  switched  into  the  input,  and  the  ramp  time  is  adjusted  to  obtain  a 
pen  deflection  to  the  proper  poin».  A  manual  input  is  also  provided  to  permit  adjustment 
v  ilh.nit  the  orop  chamber.  It  is  useful  in  establishing  the  base  line  and  other  calibration 
procedures. 
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Figure  3  shows  the  flowmeter  records  us  obtained  from  an  Electronics-for-Medieine 
oscillograph  w  ith  photographic  writer  when  adjusted  to  give  an  "ordinate  diagram." 
Figure  4  shows  records  w  here  only  the  peak  value  of  the  ordinate  is  registered,  giving 
a  "curve  diagram." 
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Reprint  from  the  APS  Fall  Meeting,  1971.  (Abstract) 

VASCULAR  RESPONSE  OF  THE  CAT  INTESTINE  TO  NOREPINEPHRINE  FOLLOWING  INFUSION  OF 
TETROOOTOX IN  (TTX) .  Nicholas  A.  Mortlllaro*  and  Leif  Horn.  College  of  Medicine 
and  Dentistry  of  New  Jersey  at  Newark,  Newark,  N.J. 

In  cats,  eviscerated  and  adrenalectomlzed,  auicperfused  Isolated  loops  of  small 
Intestine  (Ileum)  were  Intra-arterially  Infused  with  norepinephrine  (1.0-2. 5  ug/mln) 
before  and  following  Infusion  of  TTX  (10  ug/mln).  The  former  taken  as  the  control. 
In  each  case  the  concentration  of  norepinephrine  before  and  o: -owing  the  Infusion 
of  TTX  was  the  same.  Total  blood  flow  (ml/mln  x  100  g)  through  the  Intestinal 
segment  was  measured  utilizing  a  flowmeter  activated  by  a  photoelectric  Cell  In 
a  drop  chamber.  During  Infusion  of  TTX,  the  TTX  containing  efflux  from  the  segment 
was  discarded  and  blood  was  cross  perfused  from  a  donor  cat.  Both  splanchnic  nerves 
were  cut  and  the  peripheral  ends  were  mounted  on  double  ring  electrodes.  Marked 
Inhibition  of  sympathetic  outflow  to  the  TTX  perfused  segment  was  Indicated  by  the 
absence  of  vascular  response  during  splanchnic  nerve  stimulation  (5-8  Imp/sec),  I. 
e. ,  blood  flow  remained  relatively  constant  during  the  stimulation  period.  Intes¬ 
tinal  vascular  constrictor  response  to  norepinephrine,  as  Indicated  by  a  decrease 
In  blood  flow,  ranged  from  41  to  48%  (control)  of  resting  blood  flow,  whereas 
following  TTX  Infusion  the  range  was  only  13  to  28%  of  resting  blood  flow.  The 
results  suggest  that  a  condition  similar  to  denervation  hypersensitivity  results 
from  TTX's  Inhibition  of  sympathetic  activity,  and  this  condition  is  seen  to 
develop  minutes  after  the  Infusion  of  TTX.  The  results  will  be  discussed  In 
relation  to  the  "eutoregulatory  escape".  (This  research  was  supported  by  Contract 
DADA-1 7-68-C-3058  with  the  U.S.  Army  Medical  Research  and  Development  Command  and 
National  Science  Foundation  Grant  #FJ!>024.) 
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Abstract  of  paper  presented  at  the  22nd  Annual  Session  of  American  Association  for 
Laboratory  Animal  Science,  New  York,  N.Y.,  October  11-15,  1971. 

INTESTINAL  BLOOD  FLOW  MEASUREMENTS  UTILIZING  A  SOLID  STATE  DIGITALIZED  FLOWMETER. 

N.  Mortlllaro,  M.S.E.E.*  and  L.  Horn,  Ph.D.  College  of  Medicine  and  Dentistry  of 
New  Jersey  at  Newark,  Newark,  N.J. 

Ileal  segments  of  cats,  anesthetized  with  pentobarbital,  adrenalectomlzed, 
atroplnlzed,  splanchnic  nerve  ablated,  and  with  facility  for  microscopic  observation 
were  placed  In  a  plethysmograph.  The  middle  colic  artery  and  the  superior  mesen¬ 
teric  vein  (SMV)  were  cannulated.  Norepinephrine  Induced  changes  In  blood  flow 
were  observed  before  and  after  Infusion  of  Tetrodotoxln  (TTX).  The  scope  of  these 
experiments  was  to  observe  the  vascular  response  of  the  intestine  to  norepinephrine 
before  and  following  Intra-arterial  Infusion  of  TTX  via  the  middle  colic  artery. 

The  preparation  and  experimental  setup  has  proven  convenient  for  studying  autoregu¬ 
lation,  the  autoregulatory  escape  and  the  so-called  "reactive  hyperemia"  following 
stimulation  of  the  peripheral  cut  end  of  the  splanchnic  nerve  or  the  Infusion  of 
norepinephrine.  The  outflow  (SMV)  of  the  autoperfused  isolated  ileal  loop  was 
passed  through  a  silicone  fluid  filled  drop  chamber  with  a  light  source  and  a  photo¬ 
electric  cell.  The  output  of  the  photoelectric  cell  acted  as  the  source  for  the 
activation  of  the  flowmeter.  Once  having  passed  through  the  drop  chamber  the  blood 
was  returned  to  the  animal  via  the  right  external  jugular  vein.  In  the  case  when 
TTX  was  Infused  the  outflow  was  discarded  and  an  equal  amount  of  blood  was  transfuse, 
from  a  donor  cat.  The  results  suggest  a  mechanism  for  the  changes  In  blood  flow 
causeJ  by  splanchnic  nerve  stimulation  or  norepinephrine  Infusion  at  variance  with 
the  conventionally  accepted  hypothesis.  (Supported  by  Contract  DADA-1 7-S8-C-0053 
with  the  U.S.  Army  Med.  Res,  ana  Development  Command  and  National  Science  Foundation 
Grant  4'FJ50’M 
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Preliminary  Report  on  the  Autoregulatory  Escape  in  the  Cat  Ileum 

by 

Nicholas  A.  Mortlllaro 
August,  1971 

In  1964,  It  was  reported  that  the  vascular  response  of  the  cat  Intestine  to 
splanchnic  nerve  stimulation  and  Intra-arterial  infusion  of  norepinephrine  underwent 
three  distinct  phases.  An  Initial  Increase  In  vascular  resistance,  followed  by  a 
decrease  In  resistance  with  continued  stimulation,  and  sequentially,  upon  cessation 
of  the  stimulation  a  further  decrease  In  resistance  (hyperemlc  phase).  The  second 
phase  was  termed  the  "autoregulatory  escape"  Implying  a  release  from  the  constrictor 
fiber  Influenced*  by  local  mechanisms. 

V.'e  have  been  Investigating  the  "autoregulatory  escape1,1  phenomenon  In  the  cat 
Intestine  utilizing  pharmacological  denervation  by  means  of  Tetrodotoxln,  a  poison 
extracted  from  the  Japanese  fugu  fish,  more  commonly  known  as  the  Puffer  fish.  It 
has  been  amply  demonstrated  that  the  action  of  Tetrodotoxin  is  to  render  mammalian 
nerves  Inexcltable  by  blocking  the  Increase  In  spesltic  sodium  conductance,  that  is, 
the  early  Inward  current,  and  thereby  rendering  the  nerve  inexcltable.  Evidence  from 
other  experiments  In  our  laboratory  Indicates  that  Tetrodotoxln  has  no  such  affect 
upon  smooth  muscle. 

In  our  preparation,  the  animals  were  adrenalectomlzed,  splenectomized  and 
evlcerated  except  for  a  small  loop  of  autoperfused  Ileum,  wetghlig  10-20  grams.  In 
some  cases,  when  Intestinal  volume  recording  were  made,  and  In  order  to  accommodate 
a  plethysmograph,  a  total  gastroectomy  was  performed. 

The  ileal  loop  was  then  subjected  to  splanchnic  nerve  stimulation  and  intra¬ 
arterial  Infusions  of  norepinephrine  and  Tetrodotoxln.  The  infusions  were  carried 
out  via  a  cannula  Inserted  Irto  tnc  mu\‘\  colic  artery,  the  other  end  of  the 
cannula  was  connected  to  r  a-nf  inuour  .  >  pump,  t •  >  r-^y  Insuring  that  the 


iS Ions  were  initially  t*>  the  Isolated  small  Intestine. 

Flour*  i  Mfuatrates  the  method  of  measuring  the  physiological  parameters  of 
Interest.  Recordings  of  arterial  blood  pressure  were  made  from  the  femoral  artery. 

To  measure  blood  f.ow  through  the  Intestinal  segment,  the  superior  mesenteric 
vein  was  cannulated  and  connected  to  a  silicone  fluid  filled  drop  chamber  onto 
which  was  mounted  a  photoelectric  cell.  The  signal  from  the  cell  activated  a  solid 
state  dlgitl 1 Ized  flowmeter.  After  having  passed  through  the  drop  chamber,  the 
animal's  blood  was  returned  to  the  circulation  via  the  external  jugular  vein, 
thereby  creating  an  extracorporeal  loop. 

Venous  pressure  was  measured  from  a  side  brai,Rch  of  the  superior  mesenteric 
vein  cannula. 

In  some  experiments,  the  Intestine  was  enclosed  Into  a  plethysmograph,  and 
changes  In  tissue  volume  were  recorded  simultaneously  with  Intestinal  blood  flow, 
arterial  blood  pressure  and  venous  blood  pressure. 

However,  In  the  results  to  be  presented  now,  volume  recordings  were  not  made. 

Figure  2  gives  the  results  obtained  as  a  consequence  of  splanchnic  nerve 
stimulation  and  Intra-arterial  Infusion  of  norepinephrine  and  Tetrodotoxln. 

The  upper  trace  Is  arterial  blood  pressure,  the  center  trace  Is  venous  blood 
pressure  and  the  bottom  trace  Is  the  Intestinal  segment's  blood  flow  normalized  to 
100  grams  of  tissue  weight.  The  rectangles  8t  the  bottom  Indicate  the  on-off  time 
of  the  applied  stimulus.  Recording  speed  was  0.5  cm/mln. 

I  (i- <  the  fli  st  pauot  splanchnic  nerve  stimulation.  In  the  form  of  square  waves 
was  applied  for  4.5  minutes  at  a  frequency  of  o  Hz,  with  an  amplitude  of  7v,  and  a 
duration  of  3  msec.  The  vascular  response  seen  is  characterized  by  the  three 
phases  previously  discussed.  That  Is,  an  Initial  constriction,  then  with  continued 
stimulation  we  see  the  "autoregulatory  escape",  and  finally,  with  the  removal  of 
the  stimulus  -  a  hyper  mlc  period. 

In  the  second  pane!  Is  shown  the  vascular  response  to  Intra-arterial  Infusion 
of  norepinephrine,  In  this  case  at  a  dose  rate  of  1.25  /jg/mln  for  4.5  minutes. 

Again  as  In  the  nerve  stimulation  the  pattern  of  vascular  response  Is  the  same. 
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In  the  third  panel  Is  shown  the  vascular  response  to  norepinephrine  following 
the  Intra-arterial  Infusion  of  Tetrodotoxln.  Here,  Tetrodotoxln  was  Infused  at 
5  yg/mln.  for  3  minutes,  then  after  a  brief  pause  of  approximately  2  minutes,  the 
splanchnic  nerve  was  stimulated  for  an  additional  2  minutes.  The  lack  of  vascular 
response  to  nerve  stimulation,  as  compared  to  the  response  In  the  first  panel, 
Indicates  that  a  conduction  block  was  achieved.  Norepinephrine  was  then  Intra¬ 
arterially  Infused  for  4.5  minutes  In  the  same  concentration  as  In  the  pre-Tetro- 
dotoxln  period.  Once  again  the  characteristic  response,  that  Is,  constriction, 
escape  and  hyperemia.  However,  comparing  this  response  to  that  In  the  second  panel, 
we  see  that  the  Increase  In  resistance  Is  more  pronounced  Indicating  a  seemingly 
potentiated  response  to  norepinephrine  In  the  presence  of  Tetrodotoxln. 

But,  In  this  particular  experiment,  there  was  a  large  precipitous  drop  in  the 
arterial  blood  pressure  during  the  Infusion  of  Tetrodotoxln.  (149  — >112).  As 
discussed  above,  the  blood  passing  out  of  the  Intestine  and  through  the  drop  chamber 
was  returned  to  the  animals  general  circulation.  In  this  case  then,  that  meant 
Tetrodotoxln  contaminated  blood.  The  present  literature  Indicates  that  Tetrodotoxln 
does  have  a  direct  depressor  effect  upon  cardiac  function,  and  the  drop  In  blood 
pressure  may  be  a  result  of  such  an  effect.  This  was  of  concern  to  us,  since  It  Is 
known  tha'.  smooth  muscle  may  become  more  sensitive  to  catecholamines  during  the 
early  stages  of  hypotension. 

To  eliminate  this  possibility,  we  resorted  to  a  donor  cat  technique.  During  the 
Infusion  of  Tetrodotoxln  and  thereafter,  the  TTX  containing  blood  from  the  Intestinal 
segment,  once  having  passed  through  the  drop  chamber  was  discarded,  and  an  equal 
amount  of  blood  was  transfused  from  a  donor  cat. 

Thus,  In  figure  3  which  Is  the  record  of  such  an  experiment,  no  large  precipi¬ 
tous  drop  In  arterial  blood  pressure  occurs  during  the  Infusion  of  Tetrodotoxln 
(133  — ^  1 23) .  However,  the  potentiated  response  to  norepinephrine  In  the  presence  of 
Tetrodotoxln  is  still  present,  as  well  as  the  typical  vascular  response  pattern. 
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From  the  experiments  performed  on  16  animals  we  have  computed  the  mean  periph¬ 
eral  resistance  at  rest  and  at  peak  constriction  for  both  cases,  that  is,  prior  to 
and  following  the  Infusion  of  Tetrodotoxln,  Illustrated  In  figure  4. 

The  open  clreles  represent  the  rest  to  maximum  constriction  response  to  nor- 
eplnephrtne  In  the  absence  of  Tetrodotoxln.  A  change  from  2.3  to  6.2  mean  peripher¬ 
al  resistance  unfts/100  gram  of  tissue.  An  overall  Increase  in  mean  peripheral 
resistance  of  two  and  b  half  fold  above  the  resting  state. 

The  closed  circles  show  the  response  to  norepinephrine  In  the  presence  of 
Tetrodotoxln.  A  change  from  1.75  to  13.3  mean  peripheral  resistance  untts/100 
gram  of  tissue.  An  Increase  of  seven  and  a  half  fold  atae  the  resting  state.  A 
very  significant  Increase  when  compared  to  the  pre-TetrodotoxIn  values. 

Thus,  we  have  demonstrated  that  In  the  Tetrodotoxln  denervated  Intestine  of 
the  cat  the  pattern  of  vascular  response  to  infusion  of  norepinephrine  remains 
unaltered,  that  Is,  an  initial  constriction,  and  with  continued  stimulation  an 
auto regulatory  escape,  followed  by  a  hyperemlc  period  after  the  cessation  of  the 
stimulation.  The  Implication  being  that  local  reflexes  such  as  the  axon  reflex 
do  not  participate  In  the  autoregulatory  escape. 

also  we  hove  shown  that  the  peak  constrictor  vascular  response  of  the  small 
Intestine  to  Intra-arterial  Infusion  of  norepinephrine  appears  to  be  potentiated  by 
Tet rodotoxln. 

Thus,  In  this  respect,  and  only  In  this  respect,  the  vascular  response  Is 
similar  to  denervation  hypersensitivity,  that  Is,  In  the  presence  of  Tetrodotoxln 
It  takes  less  norepinephrine  to  ellclte  the  same  degree  of  response.  (This  research 
was  supported  by  Contract  0A0A-1 7-68-C-8058  with  the  U.S.  Army  Medical  Research  and 
Development  Command  and  the  Notional  Science  Foundation  Grant  #FJ5024.) 
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APPENDIX  A 


Figures  1  and  2  cited  on  page  3. 


APPENDIX  S 


Figures  1  -  10  -  Cited  In  Reference  8. 
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